Effects of phosphorus on bond rupture during hydrodeoxygenation and dehydrogenation reactions on ruthenium by Chang, SiWei
 
 
 
 
 
 
 
 
 
 
 
 
 
© 2017 SIWEI CHANG 
 
   
 
 
 
 
 
 
 
EFFECTS OF PHOSPHORUS ON BOND RUPTURE DURING HYDRODEOXYGENATION 
AND DEHYDROGENATION REACTIONS ON RUTHENIUM 
 
 
 
 
 
 
BY 
 
SIWEI CHANG 
 
 
 
 
 
 
 
DISSERTATION 
 
Submitted in partial fulfillment of the requirements 
for the degree of Doctoral of Philosophy in Chemical Engineering 
in the Graduate College of the  
University of Illinois at Urbana-Champaign, 2017 
 
 
 
 
Urbana, Illinois 
 
 
Doctoral Committee:  
 
Assistant Professor David W. Flaherty, Chair and Director of Research 
Professor Edmund G. Seebauer 
Professor Hong Yang 
Assistant Professor Joaquín Rodríguez-López 
ii 
 
ABSTRACT 
Transition metal phosphide (TMP) catalysts are selective and active towards C-O bond 
rupture during hydrodeoxygenation (HDO) of oxygenates, making them potential candidates for 
bio-oil upgrading. However, the mechanism by which the C-X (X = O, C, H) bond ruptures and 
the corresponding intrinsic barriers (i.e., for C-H, C-C, and C-O bond rupture) between transition 
metals and TMP catalysts are not well understood. Here, we synthesized and characterized a 
phosphorus (P) modified Ru(0001) surface by annealing Ru(0001) in the presence of PH3 gas 
under ultra-high vacuum conditions to produce Px-Ru(0001) (x is the ratio of P atoms to Ru atoms). 
The P0.43-Ru(0001) surface has a √7 x √7 low energy electron diffraction pattern, which is 
structurally similar to the (111) facet of well-characterized bulk Ru2P. Temperature programmed 
desorption measurements of CO and NH3 showed that the addition of P atoms decrease the binding 
energy of CO by up to 30 kJ mol-1 and NH3 by 14 kJ mol
-1 as compared to pristine Ru(0001). This 
suggests that P atoms decrease the extent of electron exchange between Ru surfaces and 
adsorbates.  
We examined the decomposition of C1-C4 carboxylic acid (e.g., formic acid (FA), acetic 
acid (AA), propionic acid (PA), and butyric acid (BA)) on pristine Ru(0001) and P0.4-Ru(0001) 
surfaces. Temperature programmed reaction (TPR) and reactive molecular beam scattering 
(RMBS) experiments were used to determine bond rupture barriers and selectivity of C-O bond 
rupture compared to C-H/C-C bond rupture. The TPR results showed that longer alkyl carbon 
chains can promote self-stabilizing lateral interactions between carboxylates via dispersive (van 
der Waals) interactions, which is evidenced by increases in intrinsic activation energy (Ea) (1-5 kJ 
mol-1) for R-COOH bond rupture. RMBS of FA demonstrated that apparent activation energies 
(Eapp) of dehydration and dehydrogenation are greater on P0.43-Ru(0001) by 27 kJ mol
-1 and 33 kJ 
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mol-1, respectively, compared to Ru at temperatures greater than 500 K. Additionally, FA 
decomposition over P0.43-Ru(0001) is more selective toward C-O bond rupture than C-H bond 
rupture. Moreover, the addition of P atoms to Ru(0001) increases Ea values for all bonds (i.e., C-
O, C-H and C-C bonds) by 5-50 kJ mol-1, which suggests that P-atoms decrease Ru surface electron 
back donation toward all adsorbates and changes the product selectivity by increasing energy 
barriers for C-O bond rupture more than C-H/C-C bond rupture. Collectively, these data and 
interpretations led to a proposed a set of elementary steps for carboxylic acid decomposition over 
Px-Ru(0001) and Ru(0001) surfaces. The results may provide guidance for the design of more 
selective P-modified transition metal catalysts to surgically cleave C-O bonds and convert biomass 
derived intermediates into platform chemicals and fuels. 
TMP catalysts are also active for alkane dehydrogenation, which is especially useful given 
the recent discovery of large shale-gas reserves. Here, we studied the effect of P atom on light 
alkane dehydrogenation and coke formation (i.e., a problem common to dehydrogenation 
catalysts) using Ru(0001). Cyclohexene was used as a probe molecule, and the RMBS of 
cyclohexene demonstrated that the addition of P atoms enhances the selectivity of cyclohexene 
dehydrogenation relative to cyclohexene decomposition (i.e., coking) by a factor great than 10 
when compared to selectivities on Ru(0001). The change in dehydrogenation selectivity is caused 
by P atoms decreasing the Eapp for benzene formation by 12 kJ mol
-1 while increasing Eapp for 
coking by 11 kJ mol-1. Additionally, TPR experiments showed that the addition of P atoms to 
Ru(0001) minimized cyclohexene coking when compared to Ru(0001). Thus, this work shows that 
TMP catalysts possess enormous potential for use as selective dehydrogenation catalysts. 
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CHAPTER 1: INTRODUCTION 
 
1.1 CATALYSTS  
Catalysts are materials that enable effective production of chemicals (e.g., fuels, 
pharmaceuticals, biofuels, plastics, polymers, fertilizers, explosives etc.). Catalysts increase the 
reaction rate by lowering the activation energy of the reaction, allowing chemical transformation 
to occur under milder operating conditions, which are more cost-effective than the non-catalytic 
processes. Over 90% of the world’s chemical products are derived from catalytic processes, with 
catalysis-based industries contributing over 35% of the global GDP.1 According to the world 
catalyst market report, the annual worldwide demand for catalyst will be over 1 million metric ton 
and valued at $20.6 billion by 2018.2  
High volume chemical production industries (e.g., energy, oil and chemicals) prefer the 
application of heterogeneous catalysts (catalysts that are in a different phase than the reactants and 
products) as they warrant more economical separation processes for recycle of catalysts. For 
example, typical heterogeneous catalysts are in solid phase while the reactants and products are in 
gas or liquid phase; this allows the catalysts to be easily separated post-reaction. Heterogeneous 
catalysts such as metals, metal oxides, metal sulfides, and zeolites are porous and have high surface 
area for maximum activity. These characteristics allow heterogeneous catalysts to be used in a 
spectrum of reactions such as hydrocarbon cracking and reforming, dehydrogenation of cyclic 
alkane (e.g., cyclohexane to benzene), hydrodeoxygenation (HDO) of oxygenates (e.g., butyric 
acid to butane), etc.3 
Catalysts enable chemical industries to effectively increase production yield while 
minimizing carbon footprint,4 because catalysts allow chemical processes to reduce waste streams, 
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reaction cycle time, and reactor volume. Catalysts (e.g., metals, metal oxides, etc.) are used in 
shale gas reforming to produce platform chemicals (e.g., ethene and propylene), which in turn are 
used to synthesize polymers (e.g., polyethylene, polypropylene, etc.). Shale gas comes out to be a 
petroleum alternative in the energy sector due to discovery of large reservoirs at the turn of the 
millennium and large oil price fluctuations (see Figure 1.1). In 2000, shale gas provided ~ 1% of 
the U.S natural gas production, but increased to 20% by 2010.5   
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Figure 1.1: Shale gas production (black) and petroleum oil prices (blue) between 2007 and 2015. 
Reported by U.S. Energy Information Administration 2016. 
 
Similarly, global transportation fuel demand is projected to increase from 110 x 1015 BTU 
to 140 x 1015 BTU by 2040, with an increasing amount of transportation fuel derived from biomass 
(Figure 1.2).6  Biomass is an alternative carbon source that can be catalytically upgraded to produce 
platform chemicals and fuel additives.6 Additionally, biomass does not require significant 
infrastructure modifications and process development, unlike other renewable energy technologies 
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(i.e., solar, hydrogen fuel-cell, and wind), enabling it to become a cost-effective alternative to 
petroleum-based energy.7  
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Figure 1.2: Projected transportation fuel demand from fossil fuel based (black) and biomass 
based biofuel (blue) by 2040 from ExxonMobil 2017 Report.6  
 
Typically, biomass is treated by a fast pyrolysis process to produce bio-oil followed by a 
catalytic upgrade step to produce platform chemicals (e.g., furfural, hydroxymethylfurfural (HMF) 
and levulinic acid) and other fuel additives.7  Bio-oil contains up to 300 different oxygenates (e.g., 
carboxylic acids, esters, alcohols, ketones, aldehydes, sugars and furans) and is high in oxygen 
content (15-40 wt%) (see Table 1).8-9 The high acid content makes bio-oil unstable, while the high 
oxygen content reduces its heat value.10 However, bio-oil can undergo hydrodeoxygenation 
(HDO), where reacts bio-oil is reduced with H2 over a catalyst (e.g., transition metal or metal 
sulfides) to selectively remove the oxygen atoms by cleaving C-O bonds to form saturated C-C 
bonds and water,8 reducing the overall oxygen content to < 1 wt%.11 The  HDO processing of bio-
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oil  increases the heat value to 40-45 MJ/kg, comparable to the heat value of  crude oil of 44 
MJ/kg.8 
Table 1.1: Bio-oil components by weight %, pre- and post-hydrodeoxygenation treatment.9  
  Bio-oil HDO Bio-oil 
Ketones/Aldehydes 13.8 25.1 
Alkanes 0.0 4.5 
Guaiacols etc. 34.2 10.3 
Phenolics 10.3 18.6 
Alcohols 3.5 5.3 
Aromatics 0.0 0.9 
Acids/esters 19.8 25.2 
Furan etc. 11.7 6.8 
Unknown 6.8 3.4 
 
 
1.2 TRANSITION METAL PHOSPHIDES CATALYSTS 
Transition metal phosphides (TMP) (e.g., Ni2P
12 and Ru2P
13) are promising catalysts for 
bio-oil HDO reactions.14 TMP catalysts have the ability to cleave hindered C-O bonds, which are 
found within oxygenates, while minimizing C-C bond rupture with greater selectivity and rates 
than metal,13, 15 metal sulfides,16 and metal nitrides17-18. Bowker et al. showed that HDO of furan 
using Ru2P/SiO2 catalyst improves C-O bond rupture selectivity, resulting in an increase in longer 
carbon chain  hydrocarbon products when compared to Ru/SiO2.
19 Additionally, TMP may also be 
used for dehydrogenation reactions during reforming processes of alkanes and cyclic alkanes to 
reduce coking. For instance, Shu et al. illustrated that tetralin dehydrogenation over MoP/C 
reduced coke formation and increased dehydrogenation selectivity compared to Ni-Mo-S/γ-
Al2O3.
20 However, how the addition of phosphorous (P) to transition metal surfaces affects 
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intrinsic energy barriers for C-O, C-H, and C-C bond rupture, and the potential for mechanistic 
changes in breaking these bonds, remains unclear.  Designing more active and selective catalysts 
will require better understanding of the effect that P atoms have on the surface chemistry. This in 
turn could enable surgical rupture of C-O bonds and C-H bonds to convert biomass derived 
intermediates (e.g. furan, HMF, and anisole) or alkane and cyclic alkanes into primary alcohols, 
aldehydes, and olefins that can be used as precursors for chemicals and liquid fuels. 
 
1.3 CURRENT RESEARCH 
My research seeks to understand the reaction mechanisms at an atomic level over metallic, 
bimetallic, and ceramic metallic catalysts by measuring the reaction kinetics via surface science. 
The goal of my research is to ultimately improve TMP catalyst design and increase its selectivity 
and desired product yield. This dissertation investigates the effect of adding phosphorus (P) to 
transition metal catalysts on bond ruptures, to improve biomass processes via HDO by selectively 
targeting desired C-O bond ruptures. Additionally, I investigated TMP application in light alkane 
dehydrogenation to minimize coking and improve dehydrogenation selectivity. To conduct the 
research, I designed, constructed, and automated a complex ultra-high vacuum (UHV) chamber 
system,21 which has been accomplished in three years (see Figure 1.3). This UHV system includes 
a spectrum of surface science instruments (e.g., Auger electron spectroscopy, quadrupole mass 
spectrometer, low energy electron spectroscopy, metal evaporator, etc.),21 facilitating catalyst 
characterization and reaction kinetics studies.  
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Figure 1.3: Solidworks © (software) drawing of the ultra-high vacuum (UHV) chamber (Left). 
Actual UHV chamber in laboratory (Right).  
 
My dissertation focuses on the fundamental properties of P modified Ru(0001) catalysts, 
and how they change reaction kinetic and mechanism during HDO and dehydrogenation reactions, 
using temperature programmed desorption (TPD), temperature programmed reaction (TPR), and 
reactive molecular beam scattering (RMBS) experiments. Specifically, the project investigates: 1) 
how P atoms affect Ru(0001) surface properties; 2) how P atoms affect the energy barrier of 
specific bond rupture and reaction selectivity; and 3) how P atoms change the mechanisms of 
reactions. A thorough understanding of TMP catalysts will allow for improvement in 
hydrodeoxygenation of oxygenates and dehydrogenation of light alkanes and cyclic alkanes. My 
dissertation is divided into six chapters, with Chapter 1 providing general background information 
on catalysts and project motivation. Chapters 2 through 4 have been published in peer-reviewed 
journal articles, focuses on the results of Px-Ru(0001) (x is defined as the atomic ratio of P to Ru) 
catalyst characterization, and detailed discussions on how P atoms affect bond rupture during 
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carboxylic acid decomposition, applicable in bio-oil HDO reactions. My recent work and results 
are described in Chapter 5, which focuses on TMP application to dehydrogenation of cyclohexene 
over P0.4-Ru(0001). Finally, Chapter 6 provides conclusive remarks and recommendations for 
future research.  
 
1.4 DISSERTATION SUMMARY 
Chapter 2 provides detailed account of the Px-Ru(0001) synthesis process, schematics of 
the UHV system and reaction mechanism of formic acid decomposition.21 In this study we 
synthesized Px-Ru(0001) by exposing Ru(0001) single crystal to PH3 gas. The catalyst surface 
Ru:P atomic ratio is determined using AES. The P0.4-Ru(0001) surface has a (√7 x √7) low energy 
electron diffraction pattern, which is structurally similar to the (111) facet of bulk Ru2P materials. 
TPD measurements with CO and NH3 demonstrated that the addition of P atoms to Ru(0001) 
decreases the binding energy of CO by up to 12 kJ mol-1 and NH3 by 11 kJ mol
-1, which indicate 
that P atoms decrease the extent of electron exchange between Ru surfaces and adsorbates. 
Additionally, the results from TPR of formic acid suggest that P atoms introduce an electronic 
effect that decreases the extent of electron exchange between Ru atoms and adsorbates, which 
decreases desorption energies and increases barriers for C-O and C-H/D bond rupture. Finally, 
RMBS of DCOOH shows the addition of P atoms enhances C-O bond rupture over C-D bond 
rupture. Based on the results we also proposed a self-consistent set of elementary steps for formic 
acid decomposition over Ru(0001) and Px-Ru(0001).  
Chapter 3 extends the formic acid study to acetic acid, TPR of acetic acid isotopologues on 
pristine Ru(0001) and a P modified Ru(0001) surface, show an identical sequence of elementary 
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steps for acetic acid decomposition.22 The addition of P atoms leads to electronic changes in the 
Ru atoms and increase activation barriers for C-O, C-C, and C-H bond scission by values of ~5-
10 kJ mol-1.  The increase in energy barrier increased the selectivity towards C-O bond rupture 
over C-C bond rupture.  
Chapter 4 continues to explore the effect of P atoms on the bond ruptures within more 
complex carboxylic acids (i.e., propionic acid and butyric acid).23 The collective TPR results from 
formic acid, acetic acid, propionic acid, and butyric acid decomposition on Ru(0001) and P 
modified Ru(0001) surfaces show that both the length of carboxylic acids alkyl substituents (i.e., 
R = H, CH3, CH2CH3, and CH2CH2CH3) and the presence of P atoms alter the intrinsic activation 
energy for bond rupture. The activation energies to decarboxylate all four of these species correlate 
linearly with differences between the homolytic dissociation energies of the relevant bonds (e.g., 
H-COOH, CH3-COOH, CH3CH2-COOH, and CH3CH2CH2-COOH), which suggests that longer 
alkyl substituents (e.g., propyl and butyl) stabilize bond rupture transition states by donating 
electron density to the R-COOH bond via inductive effects. Simultaneously, longer alkyl chains 
also promote self-stabilizing lateral interactions between carboxylates via van der Waals forces 
that increase the barriers for R-COOH bond rupture marginally at high surface coverages. 
 Chapter 5 examines TMP application in dehydrogenation reactions. P atoms weaken 
adsorbate-metal interactions and increases C-C bond rupture energy barriers on Ru(0001), which 
suggest that C-H bond rupture will improve during dehydrogenation reaction while minimizing 
coking.25 We selected cyclohexene as a probing molecule because it undergoes dehydrogenation 
(to form benzene) and decomposition (to form coke) on transition metals. RMBS of cyclohexene 
over P0.4-Ru(0001) demonstrated that P atoms increase the selectivity of cyclohexene 
dehydrogenation over decomposition by more than ten-fold. The apparent activation energy of 
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benzene formation decreases by 12 kJ mol-1 over P0.4-Ru(0001) when compared to Ru(0001). 
Additionally, P atoms increase the apparent activation energy for coking by 12 kJ mol-1, which 
resulted in a reduction in the coke compared to Ru(0001). Lastly, we proposed a series of 
elementary steps for cyclohexene reactions on Ru(0001) and P modified Ru(0001). TPR results of 
1,3 cyclohexadiene indicated that P atoms alter the cyclohexene dehydrogenation rate determining 
step from 1,3-cyclohexadiene dehydrogenation on Ru(0001) to 2-cyclohexenyl dehydrogenation 
on P0.4-Ru(0001).  
Finally, in Chapter 6, we summarize our work on Px-Ru(0001) and its potential impact in 
HDO and dehydrogenation reactions. Additionally, we discuss some recommendations for future 
research related to TMP, and bimetallic catalysts in dehydrogenation reaction of alkanes and cyclic 
alkanes.    
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CHAPTER 2: MECHANISTIC STUDY OF FORMIC ACID DECOMPOSITION OVER 
RU(0001) AND Px‑RU(0001): EFFECTS OF PHOSPHORUS ON C−H AND C−O BOND 
RUPTUREi
 
 
2.1 INTRODUCTION 
More than forty million tons of inedible plant materials (e.g., wheat stems, corn stover, and 
wood shavings) are discarded annually.1,2 Alternatively, this waste biomass may be converted into 
bio-oil through fast pyrolysis. Bio-oil is high in viscosity, corrosiveness, and oxygen content (15-
40 wt%)3-4 but low in heating value and thermal stability,5-6 and must be upgraded through 
hydrodeoxygenation (HDO) in order to produce platform chemicals (e.g., furfural, 
hydroxymethylfurfural (HMF) and levulinic acid) and transportation fuel.7 During HDO, the intent 
is to cleave C-O bond selectively by reactions involving hydrogen to form saturated products and 
water,8 and thus, reduce the overall oxygen content of bio-oil (often to < 1 wt. %).9 The heating 
value (42-45 MJ kg-1) of the final HDO bio-oil product is then comparable to that of crude oil (44 
MJ kg-1).8   
Transition metal phosphide (TMP) catalysts (e.g., Ni2P
10 and Ru2P
11) can cleave hindered 
C-O bonds within oxygenates with greater selectivities and rates than metals,11-12 metal sulfides,13 
and metal nitrides14-15 and do so while minimizing the extent of C-C bond rupture and undesirable 
hydrogenation reactions.16 For example, Ru2P/SiO2 gives greater rates for HDO of furan and 
higher selectivity towards C4 products when compared to Ru and Co-Mo/Al2O3 catalysts,
11 and 
these differences have been attributed towards the formation of Lewis acid sites and geometric 
effect of diluting Ru ensembles by the addition of P-atoms.6, 11, 17 The reactivity of other TMPs 
                                                          
iThis chapter has been adapted from the following publication:  
Chang, S. A.; Flaherty, D. W., Mechanistic Study of Formic Acid Decomposition over Ru(0001) and Px-Ru(0001): Effects of 
Phosphorous on C-H and C-O Bond Rupture. J Phys Chem C. 2016, 120 (44), 25425-25435 
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(e.g., Ni2P) towards C-S, C-N, and C-O bonds have been described in multiple studies,
6, 18-20 and 
phosphides generally show high selectivities for the removal of these heteroatoms from feedstock 
molecules.21 Surface science and density functional theory (DFT) approaches have also been used 
to reveal surface properties of TMP, such as demonstrating the surface structure of P-modified 
transition metals using low energy electron diffraction (LEED) (e.g., Ni(111),22 Rh(111),23 
Cu(111),24 and Pd(111)25-26) and demonstrating that P-atoms within a Ni2P(001) increase 
thiophene dissociation rates and catalyst stability during hydrodesulfurization (HDS)  through a 
combination of electronic (charge transfer from Ni to P) and ensemble effects, as illustrated by X-
ray photoelectron spectroscopy and DFT calculations.27  To the best of our knowledge, the manner 
by which the addition of phosphorous (P) to transition metal surfaces affects intrinsic energy 
barriers for C-O, C-H, and C-C bond rupture steps, and the potential for changes in the mechanisms 
for breaking these bonds, remains unclear between transition metal and TMP catalysts.  However, 
the evidence and explanation for how P-atoms change C-O bond rupture barriers and mechanisms 
remain speculative. Thus, a deeper understanding of the influence of P-atoms on surface chemistry 
in the immediate vicinity would be useful for the design of more active and selective catalysts, 
which could enable surgical rupture of C-O bonds to convert biomass derived intermediates (e.g. 
furan, HMF, and anisole) into primary alcohols, aldehydes, and olefins that can be used as 
precursors for chemicals and liquid hydrocarbon fuels.  
Here, formic acid (a co-product of HMF hydration) is used as a model oxygenate to 
understand the effects of P-atom addition and phosphide formation on C-O bond rupture 
mechanisms and barriers on pristine and P-modified Ru(0001) surfaces. Formic acid reacts on 
many transition metal surfaces, including Ru(0001), by O-H bond rupture to produce a formate 
intermediate, which is then followed by either C-H bond rupture to produce CO2 and H2 or 
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sequential C-O and C-H bond cleavage to form CO and H2O, respectively.
28-29 Consequently, the 
decomposition of formate (initiated by C-H or by C-O bond rupture) and the steady-state reactivity 
of formic acid can be used to probe how the addition of precise amounts of P changes the surface 
chemistry of Ru(0001). Here, we present results that demonstrate how barriers for the 
decomposition of formic acid (e.g., DCOOH) differ between Ru(0001) and Px-Ru(0001) catalysts 
(x is the coverage of P-atoms in monolayer equivalents) using an ensemble of surface science 
methods. Px-Ru(0001) surfaces are prepared by decomposition of PH3 onto Ru(0001) and are 
characterized by Auger electron spectroscopy (AES) and LEED to determine the composition and 
crystallinity of the surface, respectively.  Px-Ru(0001) surfaces are chemically characterized using 
temperature programmed desorption (TPD) of CO and NH3, which show that P-atoms weaken the 
Ru metal-adsorbate interaction likely by decreasing the extent of their electron exchange. 
Temperature programmed reaction (TPR) and reactive molecular beam scattering (RMBS) of 
DCOOH on Ru(0001) and Px-Ru(0001) surfaces demonstrate that the addition of P-atoms to 
Ru(0001) increases the activation energy of C-O bond rupture and alters the metal surface-
adsorbate interaction via electronic and/or geometric effects that increase barrier for decomposing 
formate intermediates. Lastly, results from RMBS of DCOOH (measured from 500 – 800 K) show 
that the addition of P-atoms enhances C-O bond over C-H bond rupture. The increase in the 
selectivity towards C-O bond rupture is consistent with results observed on other TMP studies, 
such as HDO of 2-methyltetrahydrofuran on Ni2P
19 and HDS of 4,6-dimethyldibenzothiophene 
with Ni2P.
20 These findings provide useful information for the rational design of TMP catalysts to 
enhance C-O bond rupture and increase biomass conversion efficiency to platform chemicals. 
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2.2 EXPERIMENTAL METHODS 
2.2.1 Ultra-High Vacuum (UHV) System 
 
Figure 2.1: Schematics of the ultra-high vacuum (UHV) system. UHV comprised of four 
individually pumped chambers, a high vacuum section containing the beam source (chamber 1 and 
2) and a bakeable UHV section (chamber 3 and 4) which contains the temperature controlled 
Ru(0001) crystal, QMS, AES, LEED, thermal evaporators, and sputter ion gun.  
 
P-modified Ru(0001) characterization and preparation, TPR and RMBS of formic acid 
(HCOOH, DCOOH) are conducted within a custom-made ultra-high-vacuum (UHV) molecular 
beam surface scattering apparatus (Figure 2.1). The apparatus is comprised of four individually 
pumped vacuum chambers that are divided into two sections: a separable section for generating a 
molecular beam (Chamber 1 and 2), and a bakeable UHV section (Chamber 3 and 4). These two 
sections are divided by a stainless steel (SS) gate valve containing a Viton O-ring at the mating 
surfaces between Chambers 2 and 3, which allows the sections to be separated and maintained 
individually.  
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A quadruply differentially pumped molecular beam is used to dose adsorbates for TPR and 
TPD experiments and to scatter formic acid continuously onto the sample surface during RMBS 
experiments. The molecular beam is generated in Chamber 1 by expanding gas through a SS nozzle 
(100 µm diameter aperture). The beam is then collimated first through a skimmer (Beam 
Dynamics, Inc. Model 1, 1 mm diameter orifice) followed by two subsequent circular apertures 
separating Chamber 2 from 3 and Chamber 3 from 4 (6.35 mm and 5.11 mm in diameter, 
respectively) before entering Chamber 4.  A set of devices including a pneumatically actuated SS 
shutter, gate-valve, and SS flag allow the beam to enter Chamber 2, Chamber 3, and to impinge 
upon the Ru(0001) surface, respectively. Figure A1 shows a detailed schematic of the molecular 
beam. Within the molecular beam source section, Chambers 1 and 2 are pumped by a 1550 L/s 
diffusion pump (Varian, VHS-6) (P1) and a 750 L/s diffusion pump (Varian, VHS-4) (P2), 
respectively. The final differential pumping stages are part of the UHV section comprised of 
Chamber 3 and 4 are pumped by a 250 L/s turbo pump (Varian, V-301) (P3) and a 665 L/s (Pfeiffer, 
HiPace® 700) (P4), respectively. 
Chamber 4 has a base pressure of ~1 × 10-10 Torr as measured by a nude ionization gauge 
(Granville-Phillips, 274 Nude Bayard-Alpert Type Ionization Vacuum Gauge). Chamber 4 
contains quadrupole mass spectrometer (QMS; Extrel, HT 500), Auger electron spectrometer 
(AES; Perkin-Elmer, 10-155), low energy electron diffraction (LEED; PHI,15-120), as well as an 
ion gun (Perkin-Elmer, 04-303) and leak valves (Agilent, 951-5106) for cleaning the sample 
surface and introducing gases. The circular Ru(0001) single crystal (Surface Preparation Labs, 
99.999% purity, 12 mm in diameter by 2 mm thick) is held radially by a molybdenum wire (ESPI, 
3N8) and mounted to a liquid nitrogen cooled probe. A manipulator provides the sample with the 
x-, y-, and z-motion (U.H.V. Instrument, 3000-400-2-2-2), and the sample manipulator is mounted 
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atop a custom-designed differentially pumped rotary seal that allows for 360° rotation with a 
precision of ∼0.1°. The sample temperature is measured with a Type-K thermocouple probe 
(OMEGA SHX-F with a wire diameter 0.08 mm) set within a 0.38 mm diameter hole etched into 
the top edge of the Ru(0001) sample, and the temperature of the sample is controlled by resistive 
heating over the temperature range of 95-1500 K. The absolute temperature (± 2 K) is verified 
using known multilayer desorption temperatures of H2O and NH3.  Ru(0001) is cleaned by 
sequential cycles of 20 minutes of Ar+ sputter (3.5 kV, 3.5 μA Ar+) at room temperature, followed 
by annealing at 1200 K for 10 minutes in 1 × 10-7 Torr O2, and finally annealing in vacuum at 1480 
K for 180 s. These cycles are repeated until no C-, O-, or P-atom contamination can be detected 
by AES (3 keV, 1.5 mA emission). In addition, LEED (4 kV screen voltage, primary 60 eV beam 
energy, 2 mA emission) is used to ensure that the Ru(0001) is well-ordered and produces a sharp 
(1x1) diffraction pattern.  
 
2.2.2 Px-Ru(0001) Catalyst Synthesis 
Px-Ru(0001) surfaces are prepared by sequential cycles of saturation exposures (2.5 
Langmuir) of PH3 (Sigma-Aldrich, 99.9995%) gas onto Ru(0001) surface at 300 K followed by 
heating at 5 K s-1 to 1300 K.30-31 The resulting atomic P:Ru ratio is determined using the ratio of 
the AES peak to peak intensities at 120 eV for P MVV to  273 eV for Ru MNN (Figure 2.2) and 
using published Auger sensitivity factors.32 Surfaces with atomic P:Ru ratios ranging from 0 to 
0.43 were produced. Figures 3b and 3c shows that the P0.25-Ru(0001) and P0.43-Ru(0001) surfaces 
prepared by this method give P-(√7×√7) R190  LEED patterns (Figure 2.3), and the sharpness of 
the overlayer pattern increases with increasing P-coverage within the range of compositions 
studied here. The P-(√7×√7) R190 overlayer structure is similar to that observed for the adsorption 
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of P- and S-atoms on close-packed (111) facet of other face-centered cubic metals including the 
Ni(111),22 Rh(111),23 Cu(111),24 and Pd(111)25-26 surfaces. These LEED patterns correspond to P 
to metal ratio of 0.43, which is consistent with reported results from bulk materials on Ni12P5 using 
X-ray diffraction.33 In addition, the combined LEED and AES results together suggest that P-
atoms are incorporated into a regular, and hence crystalline structure, which extends several layers 
down from the outer-most surface. Thus, these data suggest that the P0.43-Ru(0001) surface most 
likely resembles crystalline Ru2P. 
 
Figure 2.2: Auger electron spectra acquired from Ru(0001) (–), P0.25-Ru(0001) (–) and P0.43-
Ru(0001) (–), prepared by exposing Ru(0001) to increasing amounts of PH3 at 300 K followed by 
heating at 5 K s-1 to 1300 K.   
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Figure 2.3: Low energy electron diffraction pattern of a) Ru(0001) with a (1x1) pattern; b) P0.25-
Ru(0001) shows a faint P-(√7x√7) R190 pattern; and c) P0.43-Ru(0001) displays a more pronounced 
P-(√7x√7) R190 pattern, indicative of higher coverage of ordered P-atoms on Ru(0001). 
 
2.2.3 Temperature Programmed Reaction and Temperature Programmed Desorption 
TPD experiments are performed by impinging CO (Praxair, 99.99%) or NH3 (S.J. Smith > 
99.999%) onto the Px-Ru(0001) surface at 95 K, and subsequently, the sample is heated at 3 K s
-1 
to 800 K while monitoring the desorption rate of the mass to charge (m/z+) ratios corresponding 
to CO (28) and NH3 (17) with the QMS. An inversion method is used to analyze the TPD data in 
order to determine the desorption energies (Edes) of CO and NH3 as a function of adsorbate 
coverage.34-35 TPR experiments with DCOOH are performed by impinging DCOOH onto the 
sample surface held at 95 K using the molecular beam with a nozzle pressure of 2 Torr.  The 
DCOOH flux of the molecular beam is ~ 9.5 × 1012 molecules cm
-2 s-1, which was estimated by 
determining the exposure time needed to complete the DCOOH monolayer on a clean Ru(0001) 
surface (DCOOH saturation coverage at 0.33 ML)29 and a surface atom density of ~1.2 × 1015 Ru 
atoms cm-2 on Ru(0001). The fate of formic acid and the desorption rate of each species are 
determined by monitoring the mass to charge (m/z+) ratios corresponding to DCOOH (30), CO2 
(44), H2 (2), HD (3), D2 (4), CO (28), H2O (18), HDO (19), and D2O (20). CO2 and CO are used 
to quantify formate decomposition through dehydrogenation (i.e. C-D bond rupture) and 
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dehydration (i.e. C-O bond and then C-D bond rupture) pathways, respectively, because the QMS 
signals are more intense and more clearly associate with DCOOH decomposition than those for 
H2, HD, D2, H2O, HDO, and D2O. TPR results for H2O, HDO, D2O, H2, D2, and HD production 
are presented in Figure A2. Activation energies for formate decomposition are estimated using the 
maximum desorption rate temperature (Tdes) through the Redhead analysis, with an assumed pre-
exponential factor of 1 × 1013 s-1.36-37    
 
2.2.4 Reactive Molecular Beam Scattering Experiments 
RMBS experiments are conducted by impinging a DCOOH beam with a flux of 9.52 × 
1012 molecules cm
-2 s-1 on a Px-Ru(0001) sample surface for 60 s at a given temperature (360 - 800 
K). The QMS signal intensity at mass to charge (m/z+) ratios corresponding to DCOOH (30), CO2 
(44), H2 (2), HD (3), D2 (4), CO (28), H2O (18), HDO (19) and D2O (20) are integrated over the 
60 s period to determine the amount of unreacted DCOOH that desorbs from the surface and 
formation rate of the products (i.e., CO2, CO, etc.).  The fraction of DCOOH that reacts upon a 
single collision with the surface is calculated by comparing the integral of the DCOOH signal 
(intensity of 30 amu integrated over 60 s) measured at a given reaction temperature to that obtained 
by scattering the DCOOH beam from each Px-Ru(0001) surface at 250 K, at which temperature no 
reaction occurs.  The difference between the integrals corresponding to DCOOH gives conversion 
and the produce of the conversion, the beam flux provides the reaction rate per unit area (mol 
DCOOH cm-2 s-1). The method for calculating reaction rates and a representative set of CO2 
production raw data are shown Figure A3. The reported rates for producing each product (e.g., 
CO2, and CO) have been corrected to account for the contribution of each molecular species to 
multiple m/z+ values using measured fragmentation patterns for each species. 
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2.3 RESULTS AND DISCUSSION 
2.3.1 Px-Ru(0001) Surface Characterization with Temperature Programmed Desorption of CO and 
NH3  
Figure 2.4 shows TPD spectra of CO from Ru(0001), P0.25-Ru(0001) and P0.43-Ru(0001) 
surfaces, and the differences between these spectra indicate that the addition of P-atoms to 
Ru(0001) decreases the binding energy of CO to Px- Ru(0001). CO desorbs from Ru(0001) with 
desorption rate maxima at 405 K and 465 K at saturation coverage (θCO = 0.66 ML),38 where the 
405 K desorption peak is indicative of lower CO binding energies at higher coverages due to 
repulsive CO-CO lateral interactions at θCO > 0.33 ML.39 P0.25 – Ru(0001) gives CO desorption 
peaks at 336 K, 405 K, 417 K, and 465 K, and shows slightly lower desorption rates at 405 and 
465 K in comparison to Ru(0001). The emergences of a new desorption features at 336 K and 417 
K suggests that the addition of P-atoms to Ru(0001) leads to lower CO binding energies at vicinal 
Ru atoms, and the attenuated desorption rates at 405 and 465 K are likely due to a decrease in the 
number of CO coordinated to Ru atoms that are not near P-atoms. Comparisons of CO desorption 
spectra from the P0.43-Ru(0001) surface to those samples with lower P:Ru values show that the 
addition of more P-atoms further increases the intensity of the desorption peaks at 336 K and 417 
K, while eliminating the desorption peak at 405 and 465 K. The desorption peak at 336 K observed 
at θCO > 0.31 on P0.43-Ru(0001) reflects a decrease in CO binding energies, likely due to CO-CO 
lateral repulsion similar to the 405 K desorption peak reported on clean Ru(0001).39 The complete 
suppression of the 465 K feature on the P0.43-Ru(0001) surface, but not on the P0.25-Ru(0001) 
surface, together with the similarities in the LEED patterns of these two samples (Fig. 3), suggest 
that the P-modified regions of the Ru(0001) surface grow as separate isomorphic two-dimensional 
islands as the P-coverage increases.  The P-modified islands only cover the surface completely at 
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surface compositions (~1 P : 2.3 Ru) similar to that of bulk Ru2P, at which point all surface Ru 
atoms are chemically modified by coordination to P-atoms. In addition, we found a linear 
correlation between the percentage of P-perturbed Ru to the ratio of P:Ru using TPD of CO (Figure 
2.4) and CO2 production from TPR of DCOOH (Figure 2.7a). This correlation can help estimate 
the percent of P-perburbed Ru and unperturbed Ru on Px-Ru(0001) and other TMP catalysts 
(Figure A4). 
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Figure 2.4: Temperature programmed desorption spectra of CO from Ru(0001), P0.25-Ru(0001) 
and P0.43-Ru(0001).  CO was adsorbed at 95 K and heated to 800 K at 3 K s
-1. 
 
CO desorbs at lower temperature from P-modified Ru(0001) surfaces (Figure 2.4), which 
shows that coordination to P-atoms decreases CO binding energies. CO primarily binds at atop 
(linear) sites on Ru(0001),29,40-41 which suggests that the change in binding energies results from 
an electronic interaction between P and Ru atoms that decreases the extent of electron exchange 
between atoms of the Ru(0001) surface and adsorbed CO molecules. This conclusion is consistent 
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with density function theory (DFT) calculations for the (001) surface of Ni2P, which show charge 
transfer (0.06 e-) from Ni atoms to P-atoms.27,42 In addition, a DFT study of CO adsorption on the 
(001) surface of MoP concluded that CO does not bind with surface P-atoms directly, rather only 
with surface metal atoms,43 such that changes in CO desorption energies reflect changes in the 
electron density (or oxidation state) of the Ru.  Figure 2.5 shows CO (and NH3) desorption energies 
as a function of coverage on Ru(0001) and P0.43-Ru(0001) surfaces that were calculated using 
inversion analysis of TPD spectra,34-35 and these results shows that the addition of P-atoms to 
Ru(0001) decreases CO binding energies on P0.43-Ru(0001), compared to Ru(0001), by as much 
as 30 ± 10 kJ mol-1 (the error in energy barrier is estimated based on propagating the uncertainty 
in the value of the prefactor, ν =1013 ± 1).  
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Figure 2.5: CO (solid-lines) and NH3 (dashed-lines) desorption energy calculated using inversion 
analysis of temperature programmed desorption spectra shown in Figures 4 and 6.Tait, et al. 34, 35 
The optimized prefactor value for CO and NH3 desorption is estimated to be 10
13 s-1 for both 
Ru(0001) ( – ) and P0.43-Ru(0001) ( – ).  
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Figure 2.6 shows TPD spectra of NH3 (0.10 to 0.80 ML) from Ru(0001) and P0.43-
Ru(0001) surfaces, the differences in these spectra indicate that the addition of P-atoms decreases 
the NH3 binding energies. Low coverages (θNH3 < 0.2 ML) of NH3 desorb over the temperature 
range 200 - 370 K (Figure 2.6) from three-fold hollows on the Ru(0001) surface.44 Higher 
coverages give two low temperature desorption peaks located at 140 K and 115 K, which 
correspond to desorption from the NH3 bilayer and multilayers, respectively (NH3 saturation 
coverage on Ru(0001) is 0.25 ML).44 In comparison, NH3 binds more weakly to P0.43-Ru(0001) 
than on Ru(0001) and desorbs from the monolayer over the temperature range 170 – 320 K, while 
the temperatures for the bilayer (140 K) and multilayer (115 K) peaks are unchanged. Desorption 
of NH3 from the monolayer on P0.43-Ru(0001) occurs at temperatures 40-50 K lower than on 
Ru(0001), which corresponds to a decrease in NH3 desorption energy of as much as 14 ± 10 kJ 
mol-1 (Figure 2.5). The NH3 TPD result is consistent with our observation of CO desorption from 
P0.43-Ru(0001), which also has a lower Tdes comparing to Ru(0001), suggesting that P-atoms 
introduce an electronic effect that decreases the extent of electron exchange between Ru(0001) 
and NH3. NH3 requires three adjacent Ru atoms to bind to three-fold hollow sites, therefore, it is 
possible that the addition of P-atoms can introduce a geometric effect that forces NH3 to bind on 
less stable sites (e.g., atop or two-fold sites) on P0.43-Ru(0001) that results in lower desorption 
energies. Thus, we cannot conclude whether the addition of P-atoms to Ru(0001) decreases NH3  
desorption energies via electronic, geometric, or a combination of both effects.  
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Figure 2.6: Temperature programmed desorption spectra of NH3 from Ru(0001) and P0.43-
Ru(0001). NH3 was adsorbed at 95 K and heated to 800 K at 3 K s
-1. 
 
Lewis and Bronsted acid sites have been proposed to exist on Ni2P/SiO2 and to give rise 
to NH3 desorption features that occur in the range of 425 – 600 K.17 However, TPD of NH3 on Px-
Ru(0001) show no evidence of NH3 desorption in this range of temperatures, implying that such 
acid sites are not present under the conditions used here. Bronsted acid sites are formed in 
Ni2P/SiO2 when Ni react and incompletely reduce P-atom precursors (e.g., H3PO4, H3PO3) or when 
P is hydroxylated in situ by water present in the reaction stream.44,45 However, Px-Ru(0001) are 
prepared with PH3 gas under UHV conditions and are unlikely to form P-OH, and by extension, 
Bronsted acid sites. All NH3 desorbs well below 350 K from the P0.43-Ru(0001) surface, which 
suggests that the addition of P-atoms to the Ru(0001) surface forms only weak Lewis acid sites 
(that bind NH3 more weakly than Ru atoms) or form very few strong acid sites such that they are 
undetectable by TPD of NH3. The strength of Lewis acids (and their binding energies for NH3) 
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formed on Px-Ru(0001) surfaces would likely be weaker than on NixP materials, because the 
difference in electron affinity between P-Ni is greater than that for P-Ru (electron affinity values 
of P,45 Ni,46 and Ru47 are 0.746, 1.157, and 1.05, respectively), which suggests that the oxidation 
state of Ru will be lower than that of Ni for a given phosphide stoichiometry.  
Changes in the TPD of both NH3 and CO upon adding P to Ru(0001) are consistent with 
P-atoms weakening the metal–adsorbate interaction due to electron withdrawal from Ru to the P, 
which in turn decreases the extent of electron exchange between surface Ru atoms and adsorbates 
(i.e., CO and NH3). However, we cannot rule out the possibility that P-atoms may introduce a 
geometric effect in the case of bridging adsorbates (e.g., NH3 in three-fold or µ
3 configurations) 
where the species may be forced to bind at less stable locations (e.g., atop or two-fold sites) on the 
Ru surface. The following section will explore how these changes in binding energies from the 
addition of P-atoms leads to differences between energy barriers for C-O and C-H/D bond rupture 
and reaction selectivity on clean and P-modified Ru(0001) surfaces  during conversion of formic 
acid. 
 
2.3.2 Effect of P-atoms on Formic Acid Decomposition Activation Energies and Selectivities 
under Transient Conditions 
Scheme 2.1 shows the generally accepted reaction pathways for formic acid (HCOOH) on 
transition metal surfaces. Formic acid (HCOOH) dissociates on clean transition metal surfaces 
(Rh(111),48 Pt(111),49 Ni(110),50 Ni(111),51 Pd(111),52-53 Mo(110),54 and Ru(0001)29, 55) even at 
low temperatures (< 300 K) to produce a formate intermediate (HCOO*, often with a bidentate 
configuration) and atomic hydrogen (H*).28  Subsequently, formate can decompose via C-H bond 
rupture to form CO2 and H2 or by C-O bond scission (and the C-H cleavage) to form CO and H2O. 
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On Ru(0001) specifically, the C-H bond of formate cleaves at ~ 365 K to immediately form CO2 
and H2 (by recombinative desorption of two H*).
29  Formate can also undergo C-O bond rupture 
at ~375 K,28 which has been attributed to reaction between HCOO* and H* to produce hydroxyl 
(OH*) and formyl (HCO*) intermediates (Scheme 2.2), as proposed by Sun and Weinberg.29, 55 
Subsequently, HCO* decomposes rapidly to H* and CO*. The fragments OH* and H* react to 
produce H2O, with peaks at 210 K, 275 K and 370 K, while CO* desorbs at much greater 
temperatures (~ 470 K by a desorption limited process) because CO binds strongly to Ru(0001).29 
 
Scheme 2.1: Formic acid forms bidentate formate and atomic hydrogen on Ru(0001) at 
temperatures greater than 260 K. Formate decomposition occurs at temperature above 300 K via 
C-O bond rupture to produce CO or C-H bond rupture to produce CO2. 
 
 
Scheme 2.2: HCOOH decomposition pathways on Ru(0001) proposed by Sun and Weinberg.29 
Here, * denotes an empty site, X* represents an adsorbate bound to a single Ru metal atom, and 
 represents a rate determining step.  
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Figure 2.7 shows the desorption rates of CO2 (Figure 2.7a, reaction limited desorption) and 
CO (Figure 2.7b, desorption limited) formed when saturation coverages of DCOOH are adsorbed 
onto Ru(0001), P0.25-Ru(0001) and P0.43 -Ru(0001) at 95 K and the surfaces are heated to 800 K at 
3 K s-1. The TPR spectra indicate that the addition of P-atoms to the Ru(0001) surface increases 
the barriers for C-D bond rupture, as shown by an increase in the desorption temperature for CO2 
(Figure 2.7a) and DH and D2 (Figure A3) with increasing P:Ru ratio. However, the addition of P-
atoms decreases the desorption temperature of CO formed by DCOOH decomposition (Figure 
2.7b).  
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Figure 2.7: Production of a) CO2 and b) CO from temperature programmed reaction of DCOOH 
(at saturation coverage of 0.33 ML)29 on Ru(0001) (–), P0.25-Ru(0001) (–) and P0.43-Ru(0001) (–
), at 95 K with a ramp rate of 3 K s-1. 
 
Figure 2.7a shows that the peak for CO2 desorption (i.e., C-D bond rupture) occurs at 365 
K on Ru(0001) and that this peak decreases as a new feature emerges at 405 K with increasing P-
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atoms coverages.  CO2 desorption on P0.25-Ru(0001) shows two distinct desorption features at 365 
K and 405 K, which correlate to DCOO* decomposition by C-D rupture at undisturbed Ru atoms 
and at Ru atoms that are chemically modified by P-atoms. Only a single CO2 desorption peak 
remains at 405 K on P0.43-Ru(0001), which suggests that all exposed Ru atoms interact similarly 
with P at this coverage. D2 and HD desorb with peaks at 365 K on Ru(0001) and 410 K on P0.43-
Ru(0001) (Figures S3), which correlate with the CO2 desorption features as expected from DCOO* 
decomposition by C-D bond rupture. Redhead type analyses of these distinct changes in CO2 show 
that the activation energies for C-D bond rupture in DCOO* intermediates increase by ~10 kJ mol-
1 from Ru(0001) to P0.43-Ru(0001) (Table 2.1). In comparison, Figure 2.7b shows that the 
temperature of the desorption peak for CO decreases with an increase in P-coverage on Ru(0001). 
Specifically, CO desorbs at 472 K from Ru(0001), 448 K from P0.25-Ru(0001), and 413 K from 
P0.43-Ru(0001), which matches the changes in CO desorption energies calculated  from TPD of 
molecularly adsorbed CO (Figure 2.5). The production of gaseous CO from surface formate is 
desorption limited on transition metals (e.g., Ni(111)51  and Ru(0001)29), as shown by electron 
energy loss spectra (EELS) that CO forms via C-O bond rupture in HCOO* at 375 K on 
Ru(0001),28 which is significantly lower than desorption temperature of CO on Ru(0001) (472 K). 
Thus, CO desorption energies and temperatures cannot be used directly to determine changes in 
C-O bond rupture barriers in DCOO*. The desorption of H2O (formed as a co-product with CO) 
is reaction limited and the primary desorption peak (although weak) remains at ~ 270 K on Ru(001) 
and for P0.25- and P0.43-Ru(0001) (Figure A3), which may suggest that the barrier for C-O bond 
rupture changes only slightly following addition of P-atoms.  The total quantity of CO to CO2 can 
be used to assess the effect of P-atoms on the difference between the barriers for C-O and C-D 
bond rupture within in DCOO* surface species by integrating the TPR spectra of both CO and 
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CO2. Figure 2.8 shows that the addition of P-atoms to Ru(0001) decreases the ratio of the integrated 
peak area of CO to that for CO2, which indicates that P-atoms increase the barriers for C-D bond 
rupture (i.e., CO2 production) less than the barrier for C-O bond rupture (i.e., observed as CO 
production).  
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Figure 2.8: The integrated intensity of 28 amu to 44 amu obtained from TPR of DCOOH over 
Ru(0001), P0.25-Ru(0001) and P0.43-Ru(0001). Uncertainties were determined from the standard 
deviation of four repeated experiments.  
 
Table 2.1: Desorption Temperatures of CO2 and Activation Energies for C-D Bond Rupture in 
DCOO* from TPR of DCOOH 
 
Ru(0001) P0.43-Ru(0001) 
Tdes (K) 
Eact  
(kJ mol-1)a 
Tdes (K) 
Eact  
(kJ mol-1)a 
365 94 ± 2 405 104 ± 2 
a Calculated based on Redhead analysis37 
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Collectively, the TPR spectra of CO2 (Figure 2.7a) and CO (Figure 2.7b) and their integrals 
(Figure 2.8) suggest that the addition of P-atoms decreases the extent of electron exchange between 
DCOO* species and the Ru atoms, and specifically, the extent of electron back-donation from Ru 
into antibonding orbitals of DCOO*.  These changes increase barriers for C-D and C-O bond 
rupture. This interpretation is consistent also with the lower binding energies for CO and NH3 on 
P0.43-Ru(0001) compared to Ru(0001) (Figure 2.5).  
 
2.3.3 Proposed Formic Acid Decomposition Mechanism on Ru(0001): CO Production Without 
Assistance by H* 
A formerly proposed mechanism for formic acid decomposition on Ru(0001) shown in 
Scheme 2.2 consists of HCOOH dissociation into a formate intermediate (HCOO*)28 and a surface 
H-atom (H*) (step 2.1), after which, HCOO* decomposes into CO2 and H* (step 2.2) or reacts 
with H* to form CO and H2O (step 2.3).
29, 55 This mechanism suggests that an increase in the 
coverage of H* will increase the selectivity of CO over CO2.  We performed TPR of DCOO* 
intermediates in the presence of different H2 pressures to test this hypothesis and to investigate the 
effect of [H*] on the ratio of the amount of CO formed to that of CO2.  
In order to generate H* on the metal surface during the decomposition of formate, we 
conducted TPR of DCOOH in H2 at partial pressures ranging from 10
-11 – 10-6 Torr H2. These 
pressures give H* coverages at 365 K (the decomposition temperature for formate) that range from 
0.001 ML (2 × 10-11 Torr) to 0.3 ML (1 × 10-6 Torr) (Table S1). Figure 2.9 shows that CO to CO2 
values are not statistically different despite the large difference in H* coverage, which is 
inconsistent with Scheme 2.2. These results (Figure 2.9) show that the CO to CO2 is independent 
of the H2 pressure, thus H* is not likely involved in the C-O bond rupture pathway during DCOO* 
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decomposition. Notably, the method used here differs from that used by Xie et al. who exposed a 
HCOO*-covered Ru(0001) surface to thermally excited atomic H (generated by dissociating H2 
over a hot filament), which appeared to cleave C-O bonds of HCOO*.56  Negligible numbers of 
such energetic H-atoms (thermally equilibrated with surfaces at 2000 K or more) are present during 
thermal catalysis at relevant temperatures.  
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Figure 2.9: Ratios of CO to CO2 produced from temperature programmed reaction of DCOOH on 
Ru(0001) with UHV chamber backfilled at different H2 pressures (2 x 10
-11 Torr is the base H2 
pressure inside the UHV chamber). Uncertainties were determined from the standard deviation of 
four repeated experiments. 
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Scheme 2.3: Proposed mechanism for HCOOH decomposition by C-O and C-H bond rupture 
pathways on Ru(0001) and Px-Ru(0001). Here, * denotes an empty site, X* represents an 
adsorbate bound to a single Ru metal atom, kx is the rate constant for step x, and represents 
rate determining step. 
The independence of product selectivity on H*-coverage shown in Figure 2.9 is consistent 
with the mechanism for conversion of HCOOH shown in Scheme 2.3. HCOOH first dissociates 
into HCOO* and H* (step 3.0), followed by a HCOO* decomposition via C-H bond rupture to 
form gaseous CO2 and H* (step 3.1) or via C-O bond rupture to form HCO* and O*(step 3.2). 
Two H* recombine and desorb as gaseous H2 (step 3.4), while HCO* further decomposes to form 
CO* and H* (step 3.3). CO* and CO2* are desorbed from the metal surface (step 3.5 and 3.6). O* 
and 2H* can react and desorb as H2O (step 3.7 and 3.8). Rate expressions for the formation of CO 
and CO2 were derived based on elementary steps 3.1 and 3.2 and by applying the pseudo-steady 
state hypothesis (PSSH) assumptions to [H*], [CO*] and [HCOO*]. These treatments provide the 
following: 
𝑟𝐶𝑂2 =  
𝑘1𝑘2[𝐻𝐶𝑂𝑂∗][∗]
[L]
  (2.1) 
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𝑟𝐶𝑂 =  
𝑘1𝑘3[𝐻𝐶𝑂𝑂∗][∗]
[L]
  (2.2) 
where 𝑟𝐶𝑂2and 𝑟𝐶𝑂  are the formation rates of CO2 and CO respectively, [*] refers to empty metal 
sites, [L] is the total number of available sites, kα represents the rate constant, and α refers to the 
corresponding step in Scheme 2.3. The full derivation of the rate expressions can be found in 
Appendix A. Based on the results from TPR of DCOOH (Figure 2.7), all products desorb by 600 
K on Ru(0001), which implies that the most abundant surface intermediate (MASI) is empty sites 
(*) at temperatures of 600 K and greater. Thus, equations (2.1) and (2.2) can be restated as follows: 
𝑟𝐶𝑂2
[𝐿]
=  
𝑘1𝑘2[𝐻𝐶𝑂𝑂𝐻]
(𝑘2+𝑘3)
  (2.3) 
𝑟𝐶𝑂
[𝐿]
=  
𝑘1𝑘3[𝐻𝐶𝑂𝑂𝐻]
(𝑘2+𝑘3)
 (2.4) 
Equations (2.3) and (2.4) predict that 𝑟𝐶𝑂2and 𝑟𝐶𝑂 will be proportional to [DCOOH], this 
relationship is confirmed by RMBS of DCOOH that gives 𝑟𝐶𝑂2and 𝑟𝐶𝑂 as a function of [DCOOH] 
on Ru(0001) at 600 K.  Figure 2.10 shows the 𝑟𝐶𝑂2 and 𝑟𝐶𝑂 are both first order dependent on 
[DCOOH] in agreement with equation (2.3) and (2.4). Scheme 2.3 and equations (2.3) and (2.4) 
also predict that the coverage of H* will have no effect on rates (or selectivities), as demonstrated 
by Figure 2.9. Thus, the mechanism proposed in Scheme 2.3 is consistent with all our observations 
for DCOOH conversion on Ru(0001) surfaces. Below, we extend this understanding to interpret 
the fundamental reasons for differences between the activation energies for C-O and C-D bond 
rupture measured on Ru(0001) and Px-Ru(0001) surfaces. 
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Figure 2.10: The production rate of CO (28 amu, ●) and CO2 (44 amu, ■) as a function of 
[DCOOH] during steady-state reactive molecular beam scattering on Ru(0001) at 600 K. 
 
2.3.4 Effect of P-atoms on Activation Energies and Selectivities for C-O and C-D Bond Rupture 
at Steady-State 
Activation energies for steady-state C-O and C-D bond rupture within DCOO* depend on 
the atomic ratio of P to Ru as shown by measurements of  𝑟𝐶𝑂2and 𝑟𝐶𝑂 during RMBS of DCOOH 
on Ru(0001), P0.25-Ru(0001) and P0.43-Ru(0001) from 360 - 800 K. Based on the TPR of DCOOH 
(Figure 2.7), we propose that CO* is the MASI between 360 - 440 K on Ru(0001) and  P0.25-
Ru(0001) and that * is the MASI on all sample surfaces between 500 - 800 K.  Figure 2.11 and 
Figure 2.12 show the production rate of CO and CO2 between 360 - 440 K and 500 - 800 K, 
respectively, obtained via RMBS of DCOOH from Px-Ru(0001) surface as a function of inverse 
37 
 
temperature. Table 2.2 summarizes the activation energies (Eact) for the formation of CO and CO2 
using the Arrhenius equation (Figures 2.11 and 2.12).  
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Figure 2.11: Dependence of CO2 production rate (based on integrated intensity of 44 amu) on 
inverse temperature measured from steady-state DCOOH scattering experiments on (■) Ru(0001) 
from 360-440 K; and (●) P0.25-Ru(0001) at 400-440 K, where CO* is the MASI on both surfaces. 
The dashed lines represent exponential fits used to calculate activation energy, given in Table 2.2.  
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Figure 2.12: Dependence of a) CO2 (44 amu), and b) CO (28 amu) production rates on inverse 
temperature measured from steady-state DCOOH beam scattering experiments on (■) Ru, (●) 
P0.25-Ru(0001), and (▲) P0.43-Ru(0001) surfaces at temperatures from 500-800 K, where 
unoccupied sites (*) are the MASI on each surface. The dashed lines represent exponential fits 
used to calculate activation energy. 
 
Table 2.2. Activation Energies for CO and CO2 Formation on * and CO* MASI Surfaces during 
RMBS of DCOOH 
MASI Product 
Ru(0001) P0.25-Ru(0001) P0.43-Ru(0001) 
(kJ mol-1) (kJ mol-1) (kJ mol-1) 
* 
CO -22 ± 2 -21 ± 7 6 ± 4 
CO2 -10 ± 3 -8 ± 1 1 ± 6 
CO*  CO2 59 ± 5 30 ± 6  n/a a 
Measurements made with a DCOOH beam flux of 9.52 x 1012 molecules cm
-2 s-1. 
 On a CO* MASI surface (360 - 440 K), the addition of P-atoms decreases the apparent Eact 
of CO2 production rate by ~ 29 ± 8 kJ mol
-1, from 59 ± 5 kJ mol-1 on Ru(0001) to 30 ± 6 kJ mol-1 
P0.25-Ru(0001) (Table 2.2). This result is similar to the calculated CO desorption energy difference 
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(Figure 2.5) obtained from TPD of CO on Px-Ru(0001) (Figure 2.4), where the addition of P-atoms 
decreases the desorption energy of CO up to ~ 30 ± 10 kJ mol-1 (at low CO coverages). This 
comparison, together with the 10 kJ mol-1 greater intrinsic activation energy for CO2 production 
on P-modified Ru(0001) (Table 2.1), suggests that the decrease in the apparent Eact for CO2 
formation on a CO* MASI surface primarily results from of the lower heat of adsorption of CO 
on Px-Ru(0001).  The apparent Eact for CO production rate could not be obtained in this temperature 
range due to low CO signal intensity, that are near the QMS detection limit leading to high signal 
scattering (Figure A4).   
On predominantly empty surfaces (i.e., * as MASI) present from 500-800 K, the addition 
of P-atoms increases Eact for CO and CO2 production (Table 2.2).  Here the Eact measures the 
energy barrier from an empty catalyst surface to the formate decomposition transition state (Figure 
A6). The apparent Eact of CO2 production rate increased by approximately 11 kJ mol
-1, from -10 ± 
3 kJ mol-1 on Ru(0001) to 1 ± 6 kJ mol-1 on P0.43-Ru(0001). As expected, this increase in Eact for 
CO2 production rate agrees closely with the differences in intrinsic activation energies for CO2 
production from TPR of DCOOH (Table 2.1), which show that P-atoms decrease the extent of 
electron exchange between DCOO* species and the Ru atoms and increase the barrier for C-D 
rupture by ~10 ± 2 kJ mol-1. Eact of CO production rate increases by 28 kJ mol
-1, from -22 ± 2 kJ 
mol-1 on Ru(0001) to 6 ± 4  kJ mol-1 on P0.43-Ru(0001) (Table 2.2). The increase in Eact for CO 
production (28 kJ mol-1) is greater than that for CO2 (11 kJ mol
-1), which is consistent with the 
TPR results that show P-atoms decrease the CO:CO2 ratio (Figure 2.8). The appearance of CO 
produced during TPR is desorption limited, and so it is not possible to compare the change in Eact 
to the intrinsic barrier for C-O bond rupture on Px-Ru(0001) surfaces. P-modified Ru(0001) shows 
greater intrinsic activation energies for both C-O and C-H bond rupture during formate 
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decomposition, as shown by RMBS of DCOOH (Figure 2.12). Based on our proposed rate 
expressions in equations (3) and (4), an increase in Eact from negative to positive would increase 
the rate constants k2 and k3. However, depending on the value α, defined as the quantity of (k1k2) 
and (k1k3) over (k2+k3), the rates can change differently. For example, under constant temperature 
condition, k2 > k3 will increase α, thus increase the CO2 production rate. However, if k2 < k3, α 
decreases, then CO2 production rate will decrease. Under an increasing temperature condition, k2 
> k3 leads to a decrease in Δα, causing CO2 production to increase, and vice versa when k2 < k3. 
Thus, the rate behaviors described by equation (3) and (4) are consistent with the results observed 
in Figure 2.12. 
Figure 2.13 shows the C-O bond to C-D bond rupture ratio calculated from the ratio of the 
CO to CO2 production rates (Figure 2.12) as a function of inverse temperature on both Ru(0001) 
and P0.43-Ru(0001). Figure 2.13 shows that on surfaces where * is the MASI (T  > 500 K) the ratio 
of the formation rate of CO to that of CO2 increases with temperature on a P0.43-Ru(0001) but 
decreases on Ru(0001).  These comparisons show that the addition of P-atoms changes the 
apparent barriers for C-O bond and C-H bond rupture in a manner, which has significant 
consequences for selectivities during steady-state catalysis. Specifically, the apparent activation 
energy for C-O bond rupture is lower than that for C-H bond rupture on Ru catalysts (i.e., 
Ru(0001)), however, the formation of a Ru2P-like surface layer (i.e., P0.43-Ru(0001) inverts the 
relative positions of these barriers such that the rupture of C-H bonds is more favorable than that 
of C-O bonds (Table 2.2, Figure 2.13).  The addition of P-atoms increases C-O and C-D bond 
rupture barriers differently during formic acid decomposition, which leads to an increase in C-O 
bond rupture selectivity at high temperature (> 500 K). This change in Eact is consistent with the 
increased selectivities for C-O bond rupture over C-C bond rupture observed during HDO of furan 
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on Ru2P clusters in comparison to Ru clusters at similar reaction conditions.
11 Collectively, the 
production rates of CO2 (Figure 2.12a) and CO (Figure 2.12b) and their ratio (Figure 2.13) show 
that the addition of P-atoms on * MASI surfaces (Table 2.2) increases the energy barrier for both 
C-O bond and C-D bond rupture, while increasing the selectivity towards C-O bond rupture over 
C-H bond rupture.   
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Figure 2.13: Change in the ratio of CO to CO2 formation rates during DCOOH scattering 
experiments as a function of inverse temperature over (■) Ru(0001) and (●) P0.43-Ru(0001) 
surfaces, where * are the MASI.  The dashed lines are included to guide the eye and do not 
represent a fit to the data.   
 
2.4 CONCLUSION  
In this study, we examined the effect of the P-atoms’ addition to Ru(0001) on its catalytic 
surface properties and formic acid decomposition mechanism and selectivity relative to a pristine 
Ru(0001). TPD experiments demonstrate that P-atoms’ addition to Ru(0001) decreases the 
desorption energy of CO compared with Ru(0001), suggesting that P-atoms introduce an electronic 
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effect that decreases the extent of electron exchange between Ru(0001) surface atoms and 
adsorbates. It is also possible that P-atoms introduce a geometric effect, which limits the number 
of three-fold hollow sites available for adsorbate such as NH3. TPR spectra of DCOOH show that 
formate intermediates decompose at higher temperatures and have greater activation barriers than 
on Ru(0001), suggesting that an electronic effect introduced by P-atoms decreases the tendency 
for electrons to back donate from Ru atoms to the anti-bonding orbitals of the formate intermediate. 
RMBS of DCOOH shows that activation energies of C-O bond rupture and C-H bond rupture 
measured from 500 - 800 K are greater on P-modified Ru(0001) than on Ru(0001). Lastly, CO to 
CO2 ratio obtained from RMBS of DCOOH demonstrates that the addition of P-atoms to Ru(0001) 
favors the dehydration pathway at temperature above 500 K. The findings here show C-O bond 
rupture and C-H bond rupture selectivity can be tailored by the addition of P-atoms to Ru(0001); 
P-atoms introduce an electronic and/or geometric effect to the metal catalyst, which increase 
intrinsic activation barriers for cleaving bonds within reactants. The results may provide guidance 
for the design of more selective P-modified transition metal catalysts to surgically cleave C-O 
bonds and convert biomass derived intermediates into platform chemicals and fuels.  
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CHAPTER 3: EFFECTS OF PHOSPHORUS ON C-C, C-O, AND C-H BOND RUPTURE 
DURING ACETIC ACID DECOMPOSITION OVER RU(0001) AND Px-RU(0001)ii 
 
 
3.1 INTRODUCTION 
Biomass is an alternative carbon source that can be used to produce fuels and chemicals 
with greenhouse gas emission lower than those associated with the conversion of fossil carbon 
sources.1 Pyrolysis reactions convert biomass into crude bio-oil; however, bio-oil has a low pH 
(e.g., 2-3) due to a significant content of acetic and formic acids, which corrode storage vessels2 
and lower the heating value of the bio-oil.3-6 These deleterious carboxylic acids (and other 
oxygenate compounds) may be eliminated from bio-oil by hydrodeoxygenation (HDO), which 
increases the chemical stability and decreases the oxygen content of the bio-oil.  In addition, 
selective C-O bond rupture and hydrogen transfer reactions during hydrogenolysis can also 
produce platform chemicals (e.g., furfural, hydroxymethylfurfural (HMF) and levulinic acid) 7 and 
fuel additives on catalysts such as transition metal phosphides (TMP; e.g., PdP, 8 MoP, 9  CoP, 10 
WP, 10 FeP, 10 Ni2P 
11 and Ru2P 
12). For instance, Ni2P 
11, 13 and Ru2P 
12 selectively cleave hindered 
C-O bonds without facilitating C-C bond rupture,14 which differs significantly from the selectivity 
patterns of the unmodified transition metal catalysts.  As an example, hydrogenolysis of  furan 
over a Ru/SiO2 catalyst leads to a combination of C-C and C-O bond rupture reactions that produce 
C3 hydrocarbon products with selectivities of nearly 90%;
12 however, Ru2P/SiO2 primarily cleaves 
C-O bonds to produce 83% C4 hydrocarbons.
12 Predictions from density functional theory (DFT) 
calculations and surface science studies 15-17 suggest that the inclusion of phosphorus (P) atoms 
within transition metal surfaces may alter product selectivities due to the formation of Lewis acid 
                                                          
ii This chapter has been adapted from the following publication:  
Chang, S. A.; Vermani, V.; Flaherty, D. W., Effects of Phosphorus on C-C, C-O, and C-H Bond Rupture during Acetic Acid 
Decomposition over Ru(0001) and Px-Ru(0001). J. Catal. 2017, 353, 181-191. 
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sites, potential changes in reaction mechanisms due to this added catalytic function, and the 
dilution of metal ensembles. The method by which P atoms may change energetic barriers for bond 
rupture events (e.g., C-H, C-O, and C-C bond) that occur at transition metal sites during 
hydrogenolysis, however, remains unclear. 6, 12, 18  Clear understanding of the effect of P atoms on 
reaction mechanisms and the activation barriers during oxygenate conversion may assist the 
development of improved TMP catalysts with greater activity and selectivity towards specific C-
O bonds.  Notably, such selectivity patterns could enable the production of high value chemicals 
(e.g., primary alcohols, aldehydes, and olefins) from biomass.  
We previously showed the effect that P atoms have on molecular chemisorption on the 
Ru(0001) surface and on the activation energies for C-H and C-O bond rupture during formic acid 
(i.e., DCOOH) decomposition.19 The results demonstrated that P atoms decrease binding energies 
of small molecules (e.g., CO, NH3) to surface Ru atoms and increase barriers to cleave the C-O 
bond more than the C-D bond of deuterated labeled formate (DCOO*). Together these changes 
suggest that coordination of P atoms to surface Ru decreases the extent of electron exchange and 
back donation between Ru and adsorbates, which is consistent with DFT calculations for 
Ni2P(0001).
20 Calculations based on the reactive molecular beam scattering experiments of 
DCOOH, onto a clean (i.e., * abundant) P modified Ru(0001), show that the addition of P atoms 
increases the C-O bond  rupture energy barrier by 28 kJ mol-1 and C-D bond rupture energy barrier 
by 11 kJ mol-1. In addition, the DCOOH scattering experiments as a function of temperature (400 
– 800 K) over Px-Ru(0001) showed  C-D bond scission is preferred over C-O bond at temperatures 
less than 500 K, however, the higher activation energy for C-O bond scission leads to greater 
selectivity to this pathway as the surface temperature increases beyond 500 K. This trend is 
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consistent with results showing an increase in C-O bond rupture selectivity in HDO of 2-
methyltetrahydrofuran on Ni2P compared to Ni.
21 
Here, we use a combination of temperature programed reaction (TPR) and reactive 
molecular beam scattering (RMBS) of a series of acetic acid isotopologues (i.e., perhydrogenated, 
perdeuterated, and with selective 13C labeling) to probe how the presence of P atoms influences 
the binding energy of adsorbates and energy barriers for C-H, C-O, and C-C bond scission within 
acetic acid on Ru(0001) and P modified Ru(0001) surfaces. The mechanism for acetic acid 
decomposition on single crystal metal surfaces (e.g., Pd(111), 22 Pt(111), 23 Cu(100), 24 Cu(110), 
25 Ni(111), 26 Ni(110) 27 and Al(111) 28) involves dehydrogenation to form acetate (CH3COO*) 
and atomic hydrogen (H*),29 followed by the decomposition of acetate by either C-C bond 
cleavage to form CO2, C* and 3H* or by C-O bond cleavage followed immediately by C-C bond 
cleavage to form CO, adatom oxygen (O*), C* and 3H*. TPR measurements of isotopically 
labeled acetic acid (e.g., CH3
13COOH) on Ru (0001) and Px-Ru(0001) surfaces (where x is the 
ratio of P atoms to Ru atoms) show that the elementary steps for acetic acid conversion remain 
constant (Scheme 3.1), but that the addition of P atoms to Ru(0001) increases the temperature at 
which acetate decomposes by increasing barriers for both C-O and C-C bond rupture.  
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Scheme 3.1: Illustration of acetic acid decomposition over transition metals. Red arrow represents 
acetate decomposition pathway via C-C bond rupture to produce CO2, while blue arrow represents 
decomposition pathway initiated by C-O bond rupture to produce CO.  
 
Additionally, P atoms increase barriers for C-H bond rupture within CH3* dehydrogenation 
following acetate decomposition (Scheme 3.1). We estimate the energy barrier for C-C bond 
rupture by the reaction of acetate with an adjacent unoccupied Ru site (*) since an unoccupied site 
is required to assist in C-C bond rupture; this has previously been used to describe the rate of 
acetate decomposition as a function of acetate intermediate coverage (θAC) and unoccupied metal 
sites (*) coverage on other surfaces (e.g., Pd(110),30 Ni(110), 31, 32 Rh(111) 33 and Rh(110) 34). We 
calculated that P atoms increase the intrinsic activation energy for C-C bond rupture by 7 kJ mol-
1 during acetic acid decomposition, similar to the 10 kJ mol-1 increase observed in C-H bond 
rupture on formic acid decomposition over P modified Ru(0001). 19 The increase in the C-C bond 
rupture energy barrier during acetic acid decomposition is consistent with an electronic effect on 
the active site for the reaction, specifically, a small charge transfer from Ru to P likely reduces the 
extent of electron back donation towards the anti-bonding orbital of the acetate intermediate and 
increases the barrier for C-C bond cleavage. Similar changes are seen for C-H and C-O bond 
rupture, however, small differences in these values lead to significant differences in the selectivity 
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towards CO and CO2 during acetate decomposition, which suggest that the addition of P atoms 
increases activation energies for C-O bond rupture more than for C-C bond rupture in acetate 
decomposition. The changes in product selectivity and activation energies for bond rupture are 
consistent with comparisons between transition metal catalysts and the corresponding TMP 
catalysts published previously and provide fundamental insight to the reasons for the greater 
selectivity for C-O bond rupture on TMP. 
3.2 EXPERIMENTAL AND METHODS 
 All experiments are conducted within a custom-made ultra-high-vacuum (UHV) system, 
and the details of the UHV system have been described previously.19 Briefly, the UHV contains 
four chambers of which Chambers 1 and 2 comprise of a separable high vacuum section used to 
generate a molecular beam to dose molecules onto the sample surface for temperature programmed 
reaction (TPR) and reactive molecular beam scattering experiments. Chamber 3 provides 
differential pumping and assists in collimating the molecular beam. Chamber 4 has a base pressure 
of ~1×10-10 Torr and contains the Ru(0001) sample (Surface Preparation Labs, 99.999% purity, 12 
mm diameter and 2 mm thick) on which all experiments are performed. The Ru(0001) single 
crystal is mounted by a 0.30” diameter molybdenum wire (ESPI, 3N8) to 0.25” thick high purity 
Cu electrical feedthroughs. The sample temperature is controlled over the range of 100 – 1500 K 
(measured by a type K thermocouple) using a combination of cooling with liquid nitrogen and 
resistive heating. Chamber 4 also contains instruments for low energy electron diffraction (LEED; 
PHI, 15-120), Auger electron spectroscopy (AES; Perkin-Elmer, 10-155), and quadrupole mass 
spectrometry (QMS; Extrel 500 HT). The Ru (0001) single crystal is mounted on an XYZ 
translator (U.H.V. Instrument, 3000-400-2-2-2), which in turn, is attached to a home-built rotary 
seal that allows the sample to be properly positioned for each experiment and analytical instrument. 
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3.2.1 Px-Ru(0001) Synthesis and Characterization 
The Px-Ru(0001) surface is prepared through a sequence of steps in which the Ru(0001) 
sample is exposed to 2.5 Langmuir of PH3 (Sigma-Aldrich, 99.9995%) at 300 K and then heated 
to 1300 K at 5 K s-1. 35, 36 The resulting composition and atomic ratio of phosphorus to ruthenium 
(P:Ru) in the near surface region is determined using the ratio of AES peak to peak intensity at 
110 eV and 120 eV for the P MVV transition to that at 265 eV and 273 eV for the Ru MNN 
transition and with corrections provided from published Auger sensitivity factors. 37 The PH3 
exposures and sample annealing are repeated until the desired composition is achieved. Surfaces 
with P:Ru ratios from 0 (i.e., clean Ru(0001)) to 0.38 are examined in this study. The surfaces 
formed by this preparation method exhibit crystalline structures, which LEED shows to possess a 
P-(√7×√7) R190 structure. 19 Tensor LEED analysis performed on the P-(√7×√7) R190 overlayer 
structure formed by adsorption of P and S atoms on the close-packed (111) facet of other face-
centered cubic metals surfaces (e.g., Ni(111), 38 Rh(111), 39 Cu(111) 40 and Pd(111) 41, 42) suggests 
that these heteroatoms incorporate themselves into the host metal and form new crystalline phases 
that extend several atomic layers into the sample. Comparisons of the previous Tensor LEED 
analysis, 38-42 the stoichiometry of the P-modified Ru(0001) surface estimated by AES, and the 
atomic structure of Ru2P 
43 collectively suggest that the P0.38-Ru(0001) surfaces prepared here most 
likely resemble the (111) facet of bulk Ru2P. 
 
3.2.2 Temperature Programmed Reaction of Acetic Acid 
TPR experiments with acetic acid (CH3
13COOH (Cambridge Isotope Lab, 99%) and 
CD3COOD (Cambridge Isotope Lab, 99.5%)) were performed by dosing the reactant molecule 
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onto the sample at 250 K with the molecular beam. The pressure of the beam nozzle is 1 Torr, 
which generates a molecular beam with a flux of 1.44 × 1013 molecules cm
-2 s-1 (estimated by 
determining the exposure time needed to complete the CH3COOH monolayer on a clean Ru(0001) 
surface, where the CH3COOH saturation coverage is ~0.5 ML). 
44 Acetic acid with an isotopically 
labeled carbon of the carboxylic group (i.e., CH3
13COOH) was used to differentiate between 13CO 
and 13CO2 that contain the C-atom originally of the carboxylic function from those carbon oxides 
that may form by reaction of the C-atom contained within the methyl group (-CH3). During TPR 
of CH3
13COOH, the desorption rates of the reaction products were measured as a function of 
temperature by monitoring the mass to charge ratios (m/z+) corresponding to CH3
13COOH (44, 
60), 13CO2 (45), 
13CO (29), 12CO (28), H2 (2), and H2O (18). During TPR of CD3COOD, the m/z
+ 
for CD3COOD (46), CO2 (44), CO (28), D2 (4), and HD (3), HDO (19), D2O (20) were measured. 
The intrinsic activation energy (Ea) of C-C bond rupture is estimated using inversion analysis of 
the 13CO2 production rate from TPR of acetic acid 
45, 46 described by kinetically relevant C-C bond 
rupture that involves reaction of acetate with an unoccupied surface sites (*).  
 
3.2.3 Reactive Molecular Beam Scattering of Acetic Acid 
RMBS experiments were conducted by impinging a continuous beam of CH3
13COOH (flux 
equal to 1.44 × 1013 molecules cm
-2 s-1) onto the clean Ru(0001) and Px-Ru(0001) surfaces for 60 
s at a given temperature (400 - 800 K), controlled by an automated flag, shutter and gate-valve. 19 
The QMS signal intensity at m/z+ values corresponding to CH3
13COOH (44), 13CO2 (45), 
13CO 
(29), 12CO (28), H2 (2), and H2O (18) were integrated over the 60 s period to determine both the 
conversion of CH3
13COOH and the formation rate of the products (i.e., CO2, CO, etc.). The 
fractional conversion of CH3
13COOH that occurs upon collision with the surface is calculated 
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based on the difference in the integral of the acetic acid signal (intensity of 44 amu integrated over 
60 s) at a given reaction temperature and at 250 K, a temperature at which no acetate decomposition 
occurs. The method for calculating reaction rates and a representative set of 13CO2 (45 amu) 
production raw data are shown Figure B1 in the Supporting Information (SI). The reported 
production rates are corrected based on experimentally determined fragmentation patterns of the 
species.  
 
3.3 RESULTS AND DISCUSSION 
Scheme 3.1 shows the generally accepted reaction pathways for acetic acid decomposition 
on transition metal surfaces. Acetic acid dissociates on transition metal and metal carbide surfaces 
(e.g., Al(111), 28 Rh(110), 34 Rh(111), 33 Pd(111), 22 Ni(110), 32 Ni/Cu(110), 47  Pd(110), 30  
Pt(111),48 Cu(100),24 Mo2C, 
49 Ni/WC 50 and Ru(0001) 29) to produce an acetate intermediate 
(CH3COO*) and atomic hydrogen (H*) at temperatures less than 300 K.  The reaction of acetic 
acid with Ru(0001) is initiated by dehydrogenation of O-H bond, at temperatures as low as 123 K, 
to form bidentate bridging or bidentate chelating acetate at low and high coverages, respectively.29  
Subsequently, acetate decomposes via initial C-C bond rupture to form CO2, H*, and C* or by C-
O bond scission and subsequent C-C bond cleavage to form CO*, H*, O* and C*. 30 In this section, 
we compare TPR of acetic acid and propose elementary steps for acetate decomposition 
mechanism on Ru(0001) and P modified Ru(0001). We then probe the effect of P atoms on the 
energy barriers for different reaction pathways during steady state catalysis using RMBS of acetic 
acid on pristine and P modified Ru(0001).  
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3.3.1. Effect of P Atoms on C-C Bond and C-O bond Scission during Temperature Programmed 
Reaction of Acetic Acid 
Figure 3.1 shows spectra for production of 13CO2 (Fig. 1a) and 
13CO (Fig. 1b) on Ru(0001) 
and P0.38-Ru(0001) from temperature programmed reactions (TPR) of CH3
13COO* with initial 
coverages (θAC) that range from 0.08 – 0.5 ML. The TPR profiles show that peak desorption 
temperatures for both 13CO2 and 
13CO are greater on P modified Ru(0001) than on pristine 
Ru(0001), which indicates that the incorporation of P atoms within the Ru surface increases 
energetic barriers for acetate decomposition. Figure 3.1a shows that the desorption of 13CO2, 
formed by C-C bond rupture, occurs from 350-500 K on Ru(0001) and 400-550 K on P0.38-
Ru(0001). Desorption of 13CO2 is reaction limited, because molecular CO2 desorbs well below 350 
K on Ru(0001).44, 51 The addition of P atoms increases the CH3
13COO* decomposition temperature 
by ~ 50 K at saturation θAC (from 461 K on Ru(0001) to 507 K on P0.38-Ru(0001)), which suggests 
that barriers for acetate decomposition are greater on P0.38-Ru(0001) than Ru(0001). These results 
are comparable to those for formate decomposition on Ru(0001) and P0.42-Ru(0001), where the 
addition of P atoms stabilizes formate and increases decomposition temperatures by ~40 K. 19 An 
increase in activation energies for C-C bond rupture would be consistent with a decrease in the 
extent of electron back donation from Ru to antibonding orbitals of carboxylate intermediates 
caused by charge transfer from Ru to P. We cannot, however, completely dismiss the possibility 
that P atoms may physically block preferred sites for the transition state binding modes that 
facilitate C-C and C-O bond rupture during the decomposition process and consequently increase 
activation energy barriers via a geometric effect.  In addition, Figure 3.1a shows that the 
temperature at which the CO2 desorption rate (i.e., C-C bond rupture rate) reaches a maximum 
increases with θAC. Specifically, the temperatures corresponding to the maximum desorption rates 
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shift from 421 K at low θAC to 461 K at saturation θAC on Ru(0001) and from 455 K at low θAC to 
507 K at saturation θAC on P0.38-Ru(0001). These changes and the line shape of the TPR profile 
appear to suggest zero-order reaction kinetics; however, acetate decomposition is most likely a 
unimolecular process,30-34 which is inconsistent with true zero-order kinetics. Consequently, the 
coverage dependence of these C-C bond rupture rates has been attributed to direct or indirect 
interactions between vicinal acetate intermediates or between acetate and metal sites (*) or other 
coadsorbates (e.g., CH0-3*, O*, CO*) that form upon initial decomposition. Calculations for the 
C-C bond rupture energy barrier are discussed in detail in section 3.3.2.  
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Figure 3.1: Production of a) 13CO2, and b) 
13CO during temperature programmed reaction of 
CH3
13COOH. Increasing amounts of CH3
13COOH ranging from 0.08 to 0.5 ML (saturation 
coverage) were adsorbed at 250 K onto Ru(0001) or P0.38-Ru(0001) and heated with a ramp rate 
of 3 K s-1. 
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Figure 3.1b shows that 13CO (i.e., formed by C-O and subsequent C-C bond rupture) 
desorbs from 400 - 520 K on Ru(0001) and from 400 – 540 K on P0.38-Ru(0001). Molecular CO 
desorbs from Ru(0001) between 405 to 465 K,52, 53 and reflection absorption infrared spectra have 
shown that low coverages of acetate decompose on Ru(0001) to form surface-bound CO near 250 
K.29 Consequently, at low θAC, 13CO desorption peaks below 465 K on Ru(0001) and P modified 
Ru(0001) report only on the kinetics of CO desorption (i.e., appearance of CO is desorption 
limited) and not directly on rates of acetate decomposition by C-O bond rupture. At saturation θAC, 
the TPR profile over a P0.38-Ru(0001) surface displays two distinct 
13CO desorption peaks at 450 
and 507 K. The peak at 450 K is assigned to appearance of desorption limited 13CO, while the 
feature at 507 K is assigned to reaction limited 13CO production (associated with C-O bond 
rupture). The emergence of the 507 K peak on P0.38-Ru(0001) at saturation θAC may be caused by 
a combination of the stabilization of acetate intermediates due to the presence of the P atoms within 
the surface (there is not a similar feature on Ru(0001)) and direct or indirect adsorbate-adsorbate 
interactions.29 Additionally, the 507 K desorption peak for 13CO (C-O bond rupture) coincides 
with that for 13CO2 (C-C bond rupture) desorption at 507 K (Figure 3.1a), which indicates that 
acetate undergoes C-C bond and C-O bond rupture at similar temperatures under these conditions.   
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Figure 3.2: The ratio of the amounts of 13CO produced to that of 13CO2 produced determined from 
the integrated intensities of 29 amu to 45 amu during temperature programmed reaction of 
CH3
13COOH at 0.5 ML over Ru(0001) and P0.38-Ru(0001). Uncertainties were determined from 
the standard deviation of three repeated experiments. 
 
Figure 3.2 shows the ratio of the integrated peak areas for 13CO (C-O bond rupture) to 
13CO2 (C-C bond rupture) produced from TPR of CH3
13COOH at saturation θAC (Figure 3.1) on 
the Ru(0001) and the P0.38-Ru(0001) surfaces. The value of 
13CO:13CO2 is ~ 50% lower on P0.38-
Ru(0001) than on clean Ru(0001); this difference suggests that presence of P atoms increases the 
activation energy for both competing decomposition processes for acetate (i.e., C-O vs. C-C bond 
rupture) differently.  
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Figure 3.3: The cumulative ratio of production of 13CO (black) and 13CO2 (red) from P0.38-
Ru(0001) to Ru(0001), obtained from TPR of acetic acid in Figure 3.1 (heated at 3 Ks-1 at 
saturation dosage). Uncertainties were determined from the standard deviation of three repeated 
experiments.  
 
Figure 3.3 shows the ratios of the total amount of 13CO and 13CO2 produced on P0.38-
Ru(0001) to the amount of each produced on Ru(0001), calculated based on the integrated areas 
from the TPR of CH3
13COOH experiments from Figure 3.1. The result indicates the addition of P 
atoms inhibits the production of 13CO more than 13CO2, which is due to a greater increase in the 
activation energy for C-O bond rupture than that for C-C bond rupture. Note, a geometric effect, 
where the addition of P atoms only reduces the number of active Ru metal sites would decrease 
the overall production of 13CO and 13CO2 equally, which is not observed in Figure 3.3. Taken 
together, the lower 13CO:13CO2 ratio (Figure 3.2), the greater decrease in 
13CO production than 
13CO2 production (Figure 3.3), and the increase in temperatures for the maximum 
13CO2 and 
13CO 
desorption rates (Figure 3.1) suggest that the integration of P atoms into the Ru(0001) surface 
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increases barriers for C-O bond rupture by a larger amount than those for C-C bond rupture. A 
similar trend between C-O bond rupture and C-H bond rupture is observed on formic acid 
decomposition over P0.43-Ru(0001), where the addition of P atoms also decreased the production 
rate of CO:CO2.
19 Collectively, these comparisons show that barriers for C-O bond cleavage are 
more sensitive to the proposed electronic effects of adding P atoms than barriers for C-H or C-C 
bond cleavage. These differences are consistent with broader trends discussed by Montemore and 
Medlin, which show that the stabilization of fragments that bind via M-C or M-H bonds (where M 
is a surface metal atom) are linearly correlated whereas those for M-O bonds change in a different 
manner.54  Consequently, the change in the selectivity towards C-O versus C-C or C-H bond 
rupture likely reflects the different sensitivity of the product states of these reactions to changes in 
the electronic structure of the surface and the ways in which the stability of these products 
influence the stability of the associate transition state via Hammond’s postulate. Quantitative 
assessments of the changes in these activation energies follow. 
 
3.3.2 Estimates for C-C Bond Activation Energies as Functions of Acetate Coverage 
Figure 3.1a shows that increases in the θAC increase the temperature at which the rates of 
13CO2 desorption (via C-C bond rupture) reach a maximum on Ru(0001) and P0.38-Ru(0001). This 
desorption rate behavior has been observed in studies of acetic acid decomposition from other 
transition metals (e.g., Pd(110),30 Ni(110),31, 32 Rh(111)33 and Rh(110)34), where the 
decomposition reaction occurs by reaction of acetate with an adjacent unoccupied metal site. At 
high θAC, a small number of unoccupied sites exist that come from recombinative desorption of 
H* as H2 gas (during acetate formation). However, as temperature increases, acetate undergoes C-
C bond scission to generate a 13CO2 gas, an unoccupied metal site, and a CH3* fragment on a three-
64 
 
fold hollow site. Subsequently, the CH3* dehydrogenates and, leaves behind C* at a three-fold 
hollow site, produces H2 gas (discussed later with Figure 3.5), and forms an unoccupied atop metal 
site 55 (Scheme 3.1). These unoccupied atop sites can then participate in decomposition of another 
acetate intermediate, which is consistent with the TPR result shown in Figure 3.1a. It is worth 
noting that interactions between C* and reactive intermediate can influence product selectivities, 
as showed in the case of methanol oxidation and decomposition reaction to formaldehyde and CO 
by Borasio et al.56 However, we have no direct evidence for such interactions during the 
decomposition of acetic acid on Ru(0001) and P0.38-Ru(0001) surfaces. 
The reaction of chemisorbed acetate with an unoccupied neighboring site has been 
described as an autocatalytic reaction in previous studies of formate and acetate decomposition on 
transition metals.31-33 The rate expression describing the autocatalytic reaction of acetate on 
transition metal surfaces is:  
𝑑𝜃𝐴𝐶
𝑑𝑡
= −𝜈 (𝑒
−𝐸𝑎
𝑅𝑇 ) 𝜃𝐴𝐶  (
1
2⁄ − 𝜃𝐴𝐶)  (3.1) 
where (½ -θAC) represents the unoccupied metal sites that react with acetate to facilitate C-C bond 
rupture, ½ corresponds to the maximum acetate coverage, ν is the pre-exponential factor of the 
reaction, Ea is the activation energy for C-C bond rupture in acetate, R is the universal gas constant, 
and T is the temperature. During TPR experiments, the sample temperature increases at a rate β (K 
s-1), and consequently, the change in the coverage of acetate with time (
𝑑𝜃𝐴𝐶
𝑑𝑡
) is proportional to the 
change with respect to temperature (
𝑑𝜃𝐴𝐶
𝑑𝑇
). The TPR results in Figure 3.1a were analyzed using the 
inversion of equation 1 as well as a standard first order surface reaction model, and comparisons 
between these results (Figure B2) show clearly that the autocatalytic model (eq. 1) more accurately 
reproduces the experimental results.  
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Figure 3.4: Calculated activation energies (Ea) for C-C bond dissociation as a function of acetate 
coverage on Ru(0001) (black) and P0.38-Ru(0001) (red). Coverage dependent values of Ea are 
estimated from the analysis of 13CO2 produced during TPR of CH3
13COOH, using the rate 
expression shown in equation (1) and an optimized prefactor (v) of 107 s-1.  
 
Figure 3.4 shows values of Ea as a function of acetate coverage for Ru(0001) and P0.38-
Ru(0001) calculated by inversion of equation (1) to describe the 13CO2 TPR data (Figure 3.1a) 
with the assumption that the value of υ does not depend on coverage. This method leads to a 
potential systematic uncertainty within Ea values of ± 10 kJ mol
-1 related to the choice of prefactor 
(υ), but among comparisons of Ea at different coverages for a given prefactor the uncertainty is of 
the order ± 3 kJ mol-1.  A comparison of the cumulative residuals between the experimental TPR 
spectra and the predictions generated with different values of υ (Figure B2) shows that the best 
agreement is given for a value of υ equal to 107 ± 1 s-1,45- 46 which is similar to a previous report for 
a prefactor of 109 s-1 for acetate decomposition over Rh(111).33  Values of υ that are significantly 
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smaller than kBT/h (~ 10
13) reflect a loss entropy at the transition state, which for C-C bond rupture 
in acetate likely results from partial coordination of the methyl group to the surface. At low acetate 
coverages (i.e., θAC ≤ 0.13 ML), the values of Ea are 66 kJ mol-1 on Ru(0001) and 71 kJ mol-1 on 
P0.38-Ru(0001). As θAC increases, the number of unoccupied * sites decreases, which correlates 
with a small increase in the Ea value to ~ 68 kJ mol
-1 on Ru(0001) up to θAC ≤ 0.45 ML, and 75 kJ 
mol-1 on P0.38-Ru(0001) up to θAC ≤ 0.40 ML. Here, C-C bond rupture energy barrier is 
approximately 6-8 kJ mol-1 greater on P0.38-Ru(0001) than on Ru(0001) throughout acetate 
coverages from 0 – 0.45 ML. However, as θAC reaches ~ 0.4 - 0.45 ML, at which point Ea values 
decrease by 2-8 kJ mol-1 as surfaces become saturated with acetate (θAC,sat = 0.5 ML). The values 
of Ea on the two surface appear to converge at higher values of θAC, which indicates that additional 
surface interactions that are not captured within the simple autocatalytic model influence the 
reaction. These interactions may be associated with interactions between acetate species, or more 
likely, the cumulative effects of carbon formation on the surface that are most consequential for 
experiments that involved higher acetate coverages. The formation and reaction of these 
carbonaceous residues are described next.  
 
3.3.3 Effect of P Atoms on C-H Bond Scission during Temperature Programmed Reaction of 
Acetic Acid 
TPR of acetic acid produces intermediate surface species whose eventual decomposition forms 
gaseous carbon monoxide (12CO) and hydrogen (H2).  Figure 3.5a shows 
12CO produced (28 amu) 
during TPR of saturation θAC on Ru(0001) and P0.38-Ru(0001) surfaces (Scheme 3.1). On both 
surfaces, 12CO desorbs in two distinct features. The 12CO desorption peaks that occur at ~590 K 
on Ru(0001) and at ~630 K on P0.38-Ru(0001) correspond to the reaction limited desorption of 
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12CO that must form by reaction among surface species. The smaller desorption peak that appears 
at ~450 K results from the molecular desorption of 12CO, which adsorbs from background 
contamination in the vacuum chamber. In Scheme 3.1, acetate decomposition produces a number 
of  surface species including  13CO*, O*, 3H*, and 12C*. The 12C-atom of 12CH3
13COOH, however, 
does not possess a bond to O-atoms within the reactant or the acetate intermediate, which indicates 
that the desorption of 12CO at 590 K on Ru(0001) (Figure 3.5a) occurs by a recombinative process 
(i.e., 12C* + O*  12CO + 2*).57 The 12C-atoms must originate from the dehydrogenation of the 
methyl group (i.e., 12CH3*) that forms after decomposition of acetate. All carbonaceous residues 
originate from the decomposition of these methyl groups, as shown by titration of carbon formed 
on Ru(0001) by TPR of 12CH3
13COOH.  Following the TPR, 5 L of O2 was dosed to the Ru(0001) 
surface at 300 K, which was then heated to 800 K at 3 K s-1. The resulting desorption spectra 
(Figure B3) shows only the formation of 12CO desorption between 500 – 650 K. Recombinative 
desorption of 12CO from P0.38-Ru(0001) occurs at temperatures ~30 K greater than those observed 
on clean Ru(0001) (Figure 3.5a), which shows that the presence of P atoms within the near surface 
region increases the activation barrier for a kinetically relevant step that follows C-C bond rupture 
and leads to recombinative 12CO desorption. The rate controlling step likely involves 
dehydrogenation of a *CHy group (i.e., 
12CHy* + *  12CHy-1* + H*) or the recombinative 
desorption of 12CO itself (i.e., 12C* + O*  12CO + 2*).  
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Figure 3.5: Production of a) 12CO, and b) δ (D2 + ½HD) from temperature programmed reaction 
of saturation coverages of CH3
13COOH and CD3COOD, respectively.  Acetic acid was adsorbed 
at 250 K on Ru(0001) (black) or P0.38-Ru(0001) (red) and heated with a ramp rate of 3 K s
-1. 
 
Figure 3.5b shows the total rate of desorption of deuterium (δ) during TPR of a saturation 
coverage of CD3COOD on Ru(0001) and P0.38-Ru(0001).  Values of δ are equal to the sum of the 
desorption spectra of D2 and one-half that of HD to account for the presence of side reactions (e.g., 
D* + H*  HD + 2*) caused by residual H2 in the UHV system. On Ru(0001), δ desorption rates 
show a broad feature at 300 – 400  K,  a clear peak at 450 K with a shoulder at 410 K, and a broad 
feature at ~590 K. The recombinative desorption of H*-adatoms from Ru(0001) to form H2 occurs 
between 260-450 K,58 and infrared spectroscopy measurements have shown that acetic acid forms 
acetate  (CH3COOH + 2*  CH3COO* + H*) completely by 250 K.29 Taken together, these results 
suggest that the broad δ feature at 300 K corresponds to desorption of a portion of the D* created 
from acetate formation (Scheme 3.1). Figure 3.6 displays the cumulative integral of the δ 
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desorption spectrum as a function of temperature and shows that ~ 75% of the D-atoms initially 
contained within the CD3COOD reactant are released from the other surface fragments and 
recombinatively desorb by 500 K.  Quantum chemical estimates for the activation energies for C-
H bond rupture of C1 fragments on Ru(0001) show that dehydrogenation of CH3* and CH2* 
species proceeds with much lower activation energies (Ea,CH2* = 15 kJ mol
-1;  < Ea,CH3* = 63 kJ 
mol-1) 59 than dehydrogenation of CH* (Ea,CH*  = 102 kJ mol
-1).59 The cumulative δ desorption 
(Fig. 5b), in combination with calculated Ea values for C-H rupture, strongly suggests that the δ 
desorption at between 400-500 K corresponds to dehydrogenation of CD3* and CD2*. Therefore, 
the broad δ peak at ~590 K (Fig. 5b) reflects the final dehydrogenation of CD* to form C* and D*, 
which agrees with this feature accounting for 25% of the D atoms from the original CD3COOD 
reactant (Figure 3.6).  This final δ peak occurs simultaneously with recombinative 12CO desorption 
peak at 590 K (Figure 3.5a), which shows that 12CO desorption (12C* + O*  12CO + 2*) 
immediately follows the formation of C* via methylidyne dehydrogenation (12CD* + *  12C* + 
D*) on Ru(0001). Thus, the rate determining step for recombinative 12CO desorption appears to 
be the final C-D bond rupture needed to dehydrogenate methylidyne (12CD*) and form 12C*.  
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Figure 3.6. Cumulative production of δ (summed intensity of D2 and ½ of HD) obtained by 
integrating δ as a function of temperature during TPR of CD3COOD on Ru(0001) at saturation 
coverage.  
 
Similar processes occur on the P0.38-Ru(0001) surface, however, δ and 12CO desorption 
feature shift to higher temperatures. Desorption of δ during TPR of CD3COOD on P0.38-Ru(0001) 
gives peaks at 300 K (desorption limited of D* from acetate formation), 490 K (with a shoulder at 
450 K), and a broad peak at 630 K. The desorption features of 450 K and 490 K correspond to the 
dehydrogenation of CD3* and CD2* respectively, while the feature at 630 K results from 
dehydrogenation of CD* to form C* and D*. Figure 3.5b also shows that these C-D bond rupture 
events occur on P0.38-Ru(0001) at temperatures that are consistently 30-40 K greater than the same 
processes on Ru(0001), which suggests that the presence of P atoms increases activation energies 
for C-D/H bond rupture in alkyl groups similar to the changes observed in formate 19. Using the 
Redhead analysis with a prefactor of 1 × 1013 s-1 (i.e., assuming that little entropy is lost during the 
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dehydrogenation process),59, 60 shows that the addition of P atoms increases the barrier for C-H 
bond rupture in these intermediates by ~ 11 kJ mol-1. 
Collectively, the TPR profiles of 13CO2 (Figure 3.1a), 
13CO (Figure 3.1b), 12CO (Figure 
3.5a) and δ (Figure 3.5b) indicate that the addition of P atoms to the Ru(0001) surface increases 
the energy barriers for C-C, C-O, and C-H bond rupture. Using Eq (1), C-C bond rupture energy 
barrier increased by 7 kJ mol-1, while C-H bond rupture energy barriers calculated from Redhead 
analysis increased by 6 kJ mol-1. The C-O bond rupture energy barrier could not be determined 
from TPR spectra, because the appearance of gaseous 13CO is desorption limited. All TPR data 
consistently indicate that the addition of P atoms to the Ru(0001) surface decreases the extent of 
electron back donation from Ru into antibonding orbitals of CH3
13COO* and CHx* species due to 
electron withdrawal from Ru to P atoms. In the following sections, we propose a series of 
elementary steps for acetic acid decomposition on Ru(0001) and Px-Ru(0001) based on the TPR 
results (Figure 3.1 and Figure 3.5) and use the corresponding rate expressions for acetic acid 
conversion to determine the apparent activation energies for competing reaction pathways during 
steady-state catalysis. 
 
3.3.4 Proposed Mechanism for the Decomposition of Acetic Acid on Ru(0001) and Px-Ru(0001) 
 Scheme 3.2 pictorially depicts the reaction pathways for acetic acid decomposition on 
Ru(0001) and P modified Ru(0001), determined from TPR of CH3
13COOH and CD3COOD. 
Scheme 3 presents the corresponding elementary steps (note: H is used in the following discussion 
for brevity, even though deuterated acetic acid was employed in several experiments).  
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Scheme 3.2: Illustration of the mechanism for acetic acid decomposition on Ru(0001). The red 
arrow indicates the acetate decomposition pathway via C-C bond rupture to produce CO2, and the 
blue arrow denotes the decomposition pathway initiated by C-O bond rupture to produce CO. 
Dehydrogenation of the methyl group forms H2 and carbon needed for recombinative 
12CO 
desorption.  
 
The decomposition of acetic acid begins with dehydrogenation at the acidic O-H group to 
form an acetate intermediate (CH3
13COO*) and surface H adatom (H*) (step 3.0 completed by 220 
K) 29. However, the H* adatoms formed in this step do not begin to desorb from the surface until 
much higher temperatures (~ 300 K, as shown by δ desorption, Figure 3.5b). Surface CH313COO* 
then decomposes via C-C bond rupture (step 3.1, 350 – 520 K) to form CH3* and 13CO2*, or by 
C-O bond rupture to form O* and CH3
13CO* (step 3.2, 300 – 520 K), which decomposes into CO*, 
and CH3* (step 3.3).
61 CO2* and CO* desorb from the surface (steps 3.5 (350-520 K) and 3.6 (400-
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520 K), respectively), as shown in Figure 3.1. The CH3* groups formed by C-C bond rupture 
undergo step-wise dehydrogenation to form C* and 3H* (steps 3.7 – 3.9, 400 – 700 K), and the 
H* atoms formed in these steps and during initial O-H bond rupture desorb recombinatively. 
Remaining C* react with O* to form CO* (step 3.10, 500-700 K (Figure 3.5a)) and desorb.  
 
Scheme 3.3: Proposed mechanism for CH3COOH decomposition by C-O and C-C bond rupture 
pathways on Ru(0001) and Px-Ru(0001). Here, * denotes an empty site, X* represents an adsorbate 
bound to a single Ru metal atom, kx is the rate constant for step x, and indicates a kinetically 
relevant step.   
 
Rate expressions for the formation of 12/13CO (the sum of 12CO and 13CO) and CO2 at 
steady-state can be derived from the form of the sum of steps 3.1 and 3.10 and that of step 3.2, 
respectively (from scheme 3.3), and by applying the pseudo-steady state hypothesis (PSSH) 
assumptions to all surface species. These treatments provide the following rate expressions: 
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𝑟𝐶𝑂2 =  
𝑘1[𝐶𝐻3𝐶𝑂𝑂∗][∗]
[𝐿]
     (3.2) 
𝑟𝐶𝑂 =  
𝑘2[𝐶𝐻3𝐶𝑂𝑂∗][∗]
[𝐿]
+
𝑘10[𝐶∗][𝑂∗]
[𝐿]
   (3.3) 
 
where 𝑟𝐶𝑂2 and 𝑟𝐶𝑂 are the formation rates of CO2 and CO respectively, [*] refers to the number 
of unoccupied sites, [L] is the total number of sites, and kα represents the rate constant of 
elementary step α (as denoted in Scheme 3.3). Based on the TPR of acetic acid on Ru(0001) (Figure 
3.1 and Figure 3.5), all products desorb by recombinative pathways at temperatures greater than 
700 K (with the exception of a small amount of C* which accumulates over time).  Consequently, 
the Ru(0001) may be assumed to be largely bare (i.e., the most abundant reactive intermediate 
(MARI) is unoccupied sites (*)) at temperatures much greater than 700 K and when the flux of 
reactants to the surface are low. Equations (3.2) and (3.3) may be simplified when * is the MARI 
as follows:  
 
𝑟𝐶𝑂2
[𝐿]
=  
𝑘0𝑘1[𝐶𝐻3𝐶𝑂𝑂𝐻]
(𝑘1+𝑘2)
  (3.4) 
𝑟𝐶𝑂
[𝐿]
=  
2𝑘2𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻]
(𝑘1+𝑘2)
  (3.5) 
 
Thus, equations (3.4) and (3.5) predict that the formation rates of CO and CO2 will increase in 
proportion to the flux (or pressure) of acetic acid (i.e., [CH3COOH]) at the surface. To test the 
validity of these rate expressions, we measured steady-state values for 𝑟𝐶𝑂2and 𝑟𝐶𝑂 on Ru(0001) 
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as a function of [CD3COOD] at 800 K, a temperature sufficiently high to ensure that unoccupied 
sites are the MARI. Figure 3.7 shows that both 𝑟𝐶𝑂2 and 𝑟𝐶𝑂 increase with a first order dependence 
on [CD3COOD] (i.e., 𝑟𝐶𝑂2, 𝑟𝐶𝑂 ~ [CD3COOD]), which agrees with the forms of equations (3.4) 
and (3.5), and is consistent with the proposed Schemes 2 and 3. In the following section, we 
extended the rate study as functions of inverse temperature to obtain the apparent activation energy 
barriers for C-O, C-C and C-H bond rupture measured on Ru(0001) and Px-Ru(0001) surfaces 
under steady state conditions.  
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Figure 3.7: Formation rates of CO (28 amu, black) and CO2 (44 amu, red) as a function of 
[CD3COOD] during steady-state reactive molecular beam scattering on Ru(0001) at 800 K. 
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3.3.4 Effects of P Atoms on Activation Energies for C-O, C-C, and C-H Bond Rupture at Steady-
State 
Figure 3.8 shows the rate of production for H2, 
13CO and 13CO2 from RMBS of 
CH3
13COOH, as a function of inverse temperature on Ru(0001) and P0.38-Ru(0001). The apparent 
activation energies (Eapp;; defined as the energy difference between the initial MARI state and the 
corresponding acetate decomposition transition state) for C-H, C-O, and C-C bond rupture are 
calculated from the change in the formation rates of H2, 
13CO, and 13CO2, respectively, as a 
function of inverse temperature. The production rate of 13CO, 13CO2 and H2 are defined as 
𝑟
𝐶13 𝑂
[𝐿]
=  
𝑘0𝑘2[𝐶𝐻3𝐶𝑂𝑂𝐻]
(𝑘1+𝑘2)α2
  (3.6) 
𝑟
𝐶13 𝑂2
[𝐿]
=  
𝑘0𝑘1[𝐶𝐻3𝐶𝑂𝑂𝐻]
(𝑘1+𝑘2)α2
  (3.7) 
𝑟𝐻2
[𝐿]
=  
4𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻]
α2
   (3.8) 
 
Figure 3.8 shows each production rate increases with increasing surface temperature from 450 to 
600 K, while subsequently decrease at temperatures greater than 700 K. These simultaneous 
changes in the temperature dependence of the formation rates of all three products is indicative of 
a change in the identity of the MARI at ~ 700 K. Within the range of temperatures 450 - 600 K the 
surface is likely occupied by a combination of 12CO*, 13CO*, O*, and CHy* intermediates, because 
these species are among those that are most stable on the surface. At temperatures greater than 700 
K, the active sites of the surface are predominantly unoccupied as mentioned above.  
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Figure 3.8: Formation rates of a) H2 (28 amu), b) 
13CO (29 amu) and c) 13CO2 (45 amu) as a 
function of inverse temperature measured by reactive beam scattering of CH3
13COOH on Ru 
(black), and P0.38-Ru(0001) (red) surfaces from 450-850 K. The dashed lines are included to guide 
the eye and do not represent a fit to the data.   
  
Table 1 shows the addition of P atoms decreases the Eapp of H2, 
13CO, and 13CO2 production 
rates by 38 – 47 kJ mol-1 on an occupied surface (450 to 600 K). The decrease in Eapp is likely 
caused by P atoms decreasing the heats of adsorption (Qads) of CO and H2 that are formed. We 
previously reported that P atoms decrease Qads of CO by 30 ± 10 kJ mol
-1 on Ru(0001) 19. Here, 
the results of a H2 TPD (Figure B5) show that the activation energy for recombinative desorption 
of H2 (determined with Redhead analysis, using a prefactor of 1 × 10
14.5 s-1 62), is 15 ± 2 kJ mol-1 
lower on P0.38-Ru(0001) (77 kJ mol
-1) than on Ru(0001) (92 kJ mol-1). These differences between 
the binding energy of H2 and CO on the two surfaces is qualitatively consistent also with the 
difference in apparent activation energies for bond rupture on covered surfaces shown in Table 1. 
78 
 
 
Table 3.1. Activation Energies for C-H, C-O and C-C bond calculated based on RMBS and TPR 
of CH3
13COOH for Ru(0001) and P modified Ru(0001) 
  Surface 
Conditions 
Bond 
Rupture 
Ru(0001) 
P0.38-
Ru(0001)  
ΔEa or ΔEapp= 
(ERu – EPx-Ru) 
  (kJ mol-1) 
Eapp 
C
o
v
er
ed
 
S
u
rf
ac
e C-H 64 ± 10 27 ± 10 37 ± 14 
13C-O 71 ± 6 31± 11 40 ± 13 
C-C 60 ± 6 22 ± 5 38 ± 8 
E
m
p
ty
 S
u
rf
ac
e C-H -20 ± 5 0 ± 8 -20 ± 9 
13C-O -25 ± 5 -33 ± 6 8 ± 8 
C-C -22 ± 7 -28 ± 15 6 ± 17 
C-O c -22 ± 2 6 c ± 4  -28 ± 5 
C-D c -10 ± 2 1 c ± 6 -11 ± 6 
Ea 
A
ce
ta
te
 
C
o
v
er
ed
 
su
rf
ac
e C-H 155
a ± 2 166a ± 2 -11 ± 3 
13C-O NA NA NA 
C-C 68b ± 1 75b ± 2 -7 ± 2 
a Redhead analysis using pre-exponential factor of 1× 1013s-1  
b Maximum Ea calculated using inversion analysis with equation 1 (errors are determined based on 
the standard deviation of maximum and minimum Ea value). 
c Eapp results obtained from RMBS of DCOOH, the P-modified surface is P0.42-Ru(0001) 9 
 
 
On an empty surface (i.e., * MARI at > 700 K), the addition of P atoms increases Eapp for 
the sum of all the dehydrogenation steps  by 20 ± 9 kJ mol-1 and decreases Eapp for 
13C-O (i.e., 
13CO formation) bond and C-C bond (i.e., 13CO2 formation) rupture by 8 ± 8 kJ mol
-1 and 6 ± 17 
kJ mol-1 respectively. The large uncertainty in the Ea differences between Ru and P0.38-Ru(0001) 
(ΔEa) for C-C bond rupture results from the very low rates of 13CO2 formation on P0.38-Ru(0001) 
at steady-state, which give 13CO2 partial pressures that are difficult to differentiate from the 
baseline. The large uncertainties in Ea values on both surfaces result also from the rapid 
accumulation of C* (from methyl dehydrogenation (Scheme 3.2 and 3.3)) at these high 
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temperatures, which increases the difficulty of measuring initial rates on clean surfaces. Table 1 
also includes the intrinsic activation energies for C-O, C-C, and C-H bond rupture determined 
using TPR data (Figure 3.1 and 5), which more clearly show the catalytic differences between 
pristine Ru(0001) and P0.38-Ru(0001), because C* atoms form after the C-C, C-O, and C-H bond 
rupture events during TPR. These TPR results (Figure 3.1, 2 and 3) show directly that the addition 
of P atoms increases the temperature for acetic acid decomposition, while decreasing the ratio of 
CO to CO2 produced by 50%. Taken together, these results suggest that P atoms help stabilize the 
acetate intermediate by increasing the Ea for C-O bond scission more than the related increase for 
C-C bond scission (~ 7 kJ mol-1, Table 1). Based on the changes in product selectivity and 
activation energies for bond rupture, the results shown here are consistent with the preference for 
C-O bond rupture on TMP catalysts during hydrotreating reactions at high temperatures and with 
HDO selectivities that are greater on TMP catalysts than on the corresponding metallic 
nanoparticles.  
 
3.4 CONCLUSION 
The integration of P atoms into the Ru(0001) surface and the formation of a phosphide 
does not change the mechanism for acetic acid conversion but does lead to significant changes in 
energetic barriers for C-H, C-O and C-C bond rupture within acetate and acetate derived surface 
intermediates. TPR profiles of CH3
13COOH show that the addition of P atoms increases the 
intrinsic activation energies for C-C bond rupture by ~7 kJ mol-1 and decreases the ratio of CO to 
CO2 produced nearly 50%. These results suggest that P atoms increase the activation barrier for C-
O bond scission more than that for C-C bond scission. In addition, the production of 12CO and 
D2/HD from TPR of CH3
13COOH and CD3COOD, respectively, illustrate that the production of 
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recombinative 12CO desorption is limited by methylidyne dehydrogenation. Collectively, the TPR 
results show a clear series of elementary steps for acetic acid decomposition reaction on Ru(0001) 
and P modified Ru(0001). These steps can be used to derive rate expressions for steady-state C-O 
and C-C bond rupture (in acetic acid) that match the measured dependence of these processes on 
the acetic acid partial pressure, as determined by RMBS. Additionally, the results from RMBS of 
CH3
13COOH demonstrate that the addition of P atoms decreases apparent activation energies for 
C-O and C-C bond rupture at temperatures between 450 and 600 K, while showing no significant 
differences between P-modified Ru(0001) and on Ru(0001) at temperatures greater than 700 K.  
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CHAPTER 4: EFFECTS OF PHOSPHORUS AND ALKYL SUBSTITUENT ON C-H, C-
C, AND C-O BOND RUPTURE WITHIN CARBOXYLIC ACIDS ON RU(0001)iii 
 
 
4.1 INTRODUCTION 
Growing concern for environmental protection has guided global policies toward 
limitations on greenhouse gas and pollutant emissions.1 One approach to address this concern is to 
use biomass as a renewable carbon source and an alternative to petroleum for the production of 
chemicals and fuels.2 Inedible plant materials (e.g., wheat stems, corn stover, and wood shavings)3 
consist of lignocellulose that may be pyrolyzed to form bio-oil, which contains over 300 different 
compounds (e.g., water, aldehydes, acids, carbohydrates, phenolics, furans, alcohols, ketones) with 
high oxygen content (15-40 wt%),4 high carboxylic acid content (25 wt%), high viscosity and low 
calorific value.5 Catalytic hydrodeoxygenation (HDO) can selectively cleave C-O bonds and 
reduce the content of oxygen and carboxylic acids. Consequently, HDO of bio-oil can increase the 
heating value of the liquid products and form platform chemicals (e.g., furfural, 
hydroxymethylfurfural (HMF), levulinic acid and succinic acid) or hydrocarbon chains that could 
be used as liquid fuels.6-7  
Transition metal phosphide (TMP) catalysts (e.g., PdP,8 MoP,9 CoP,10 WP,10 FeP,10    
Ni2P
11 and Ru2P
12) possess high rates (and selectivities) for C-O bond rupture during HDO and 
cleave C-C bonds at much lower rates. For example, Ni2P
11, 13 and Ru2P
12 give higher reactant 
conversion rates and greater selectivity towards C-O bond scission (compared to C-C bonds) than 
the corresponding transition metals (i.e., Ni and Ru). Bowker et al showed the reaction of furan 
with H2 on Ru2P/SiO2 predominantly forms C4 hydrocarbon products (83% selectivity towards n-
                                                          
iii This chapter has been adapted from the following publication: 
Chang, S. A.; Vermani, V.; Flaherty, D. W., Effects of Phosphorus and Alkyl Substituents on C–H, C–C, and C–O Bond Rupture 
within Carboxylic Acids on Ru(0001). J. Vac. Sci. Technol., A. 2017, 35 (5), 05C309. 
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butane and n-butenes) over the shorter C3 hydrocarbon products by selectively cleaving the C-O 
bonds of the furan ring, whereas Ru/SiO2 largely creates propane and propene (89% selectivity) 
and at rates that are a factor of three smaller (in units of mol furan g-1).12  The high selectivity 
towards C-O bond scission on TMP catalysts has been associated with catalysis at ensembles of 
Lewis acidic metal atoms12, 14-15 that form as a result of a small extent of charge transfer from the 
metal to coordinating phosphorus (P) atoms.9 A better understanding of how the addition of P 
atoms alters the bond rupture barrier (C-H, C-C, and C-O bond) during carboxylic acids 
decomposition will provide fundamental insights into the rational design of TMP, tailor its 
selectivity to improve bio-oil HDO chemistry and increase high-value precursor chemical 
production (e.g., primary alcohols, aldehydes, and olefins). 
Carboxylic acids decompose on transition metal surfaces (e.g., Pt(111),16-17 Ni(111),18-19 
Cu(100),20-21 Rh(111),22 Ni(110),23 Pd(111),24-25 Mo(110),26 and Ru(0001)27-28) by forming 
carboxylate intermediates and undergoing one of two distinct pathways that involve either C-O 
bond rupture or R-C bond cleavage (where R represents an H-atom or alkyl group).29-30 Figure 4.1 
illustrates a simplified carboxylic acid decomposition mechanism on Ru(0001), where the 
carboxylic acid first adsorbs onto the metal surface followed by dehydrogenation of the O-H to 
form a bidentate carboxylate intermediate (e.g., formate,16 acetate,31 and propionate32); this is 
followed by either C-O bond scission to produce CO and surface oxygen (O*), or C-H (e.g., formic 
acid (FA)) or C-C bond (e.g., acetic acid (AA), propionic acid (PA) and butyric acid (BA)) scission 
to produce gaseous CO2 and a surface fragment.
27-28, 33-36 In both pathways, surface alkyl groups 
(e.g., CH3, and CH2CH3
37 ) undergo dehydrogenation reactions to eventually form surface carbon 
(C*) and hydrogen gas. Previous TPR spectra of isotopically labeled acetic acid (CH3
13COOH) on 
Ru(0001) show that a portion of the C* formed recombine with O* and desorb as CO (C* +O * 
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 CO*).30 Additionally, the TPR results for AA demonstrated that the incorporation of P atoms 
increases the intrinsic activation energy for all bonds rupture (i.e., C-O, C-H and C-C bonds), 
specifically, by ~7 kJ mol-1 for C-C bond rupture, and decreases the ratio of CO to CO2 produced 
by nearly 50%. These results suggest that P atoms increase the activation barrier for C-O bond 
scission more than that for C-C bond scission, thus changing the selectivity towards these C-O 
bonds in preference to C-C bonds.30  
 
Figure 4.1 Carboxylic acid decomposition mechanism on Ru(0001) with substituent group R (e.g.,  
-H, -CH3, -CH2CH3, or -CH2CH2CH3). The red arrow indicates carboxylate decomposition via C-
C bond rupture to produce CO2, while the blue arrow denotes the decomposition pathway initiated 
by C-O bond rupture to produce CO. The stepwise dehydrogenation step occurs when R = CH3 
forms H2 and carbon needed for recombinative CO desorption. Longer substituent groups (e.g., 
CH2CH3, or   CH2CH2CH3) undergo a more complex dehydrogenation mechanism but ultimately 
produce C* and hydrogen gas.37-38  
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Here, we compare intrinsic activation energies for C-H and C-C bond rupture among C1-
C4 carboxylic acids (i.e., FA, AA, PA, and BA) on Ru(0001) and Px-Ru(0001) (where x indicates 
the atomic ratio of P to Ru atoms in the near-surface region) to further the understanding of the 
influence of carboxylic acid structure and the presence of P atoms on the rates and selectivities of 
these reactions. TPR spectra of these reactants show that the intrinsic activation energy barriers 
for decarboxylation (i.e., C-H and C-C bond scission) are lower for carboxylic acids with longer 
alkyl groups than for those with the smallest substituents and that these barriers roughly correlate 
to the homolytic bond dissociation energies (BDE) of the involved bonds. The addition of P atoms 
to the Ru(0001) surface increases the energy barriers for bond rupture (i.e., for all C-O, C-H and 
C-C bonds) and specifically increases those for C-H and C-C bonds by ~ 5 - 50 kJ mol-1. 
Collectively, these results show both the carboxylic acid substitution and the presence of P atoms 
influence energy barriers for elementary steps that dictate the product selectivity for HDO 
catalysis. 
4.2 EXPERIMENTAL METHODS 
Catalyst synthesis, characterization and TPR experiments were performed using a custom-
made ultra-high vacuum (UHV) system.29 Briefly, the UHV system contains four differentially 
pumped chambers, with chamber 1 (1×10-8 Torr) consisting of a source to generate molecular 
beams for TPR and reactive molecular beam scattering experiments. Chambers 2 and 3 contain 
apertures that collimate and define the size of the molecular beam and provide differential 
pumping. Chamber 4 (the analysis and scattering chamber) contains the circular Ru(0001) single 
crystal (Surface Preparation Labs, 99.999% purity, 12 mm  2 mm), which is mounted on a 
translatable probe using a 0.8 Mo wire (ESPI, 3N8). The sample temperature is measured by a type 
92 
 
K thermocouple and controlled over the range of 100-1500 K using a combination of cooling with 
liquid nitrogen and resistive heating. Chamber 4 includes instrumentation for quadrupole mass 
spectrometry (QMS; Extrel, HT 500), low energy electron diffraction (LEED; PHI, 15-120), and 
Auger electron spectroscopy (AES; Perkin-Elmer, 10-155). The Ru(0001) surface is cleaned by 
sequential cycles of Ar+ sputtering (3.5 kV, 3.5 μA Ar+) at 320 K for 20 minutes, annealing in O2 
(1 × 10-7 Torr O2) at 1200 K for 10 minutes, and followed by annealing in vacuum to 1480 K for 
200 seconds.  Sputtering and annealing cycles were repeated until carbon, oxygen, and phosphorus 
concentrations were undetectable by AES (3 keV, 1.5 mA emission).29-30 
  
4.2.1 Formation and Characterization of Px-Ru(0001) Surfaces 
Phosphorus modified Ru(0001) surfaces are prepared by successive cycles of PH3 
decomposition on the Ru(0001) surface. A pristine Ru(0001) surface is exposed to 2.5 Langmuir 
(L) of PH3 (Sigma-Aldrich, 99.9995%) at 300 K and subsequently heated to 1300 K at 5 K s
-1 to 
decompose chemisorbed PHx intermediates.
29, 39-40 The resultant surface composition and atomic 
ratio of phosphorus to ruthenium (P:Ru) are determined using the AES peak to peak intensity at 
120 eV for P to that at 273 eV for Ru and by using reported Auger sensitivity factors.41 The PH3 
treatment process is repeated until the desired P:Ru ratio is achieved. Here we examine surfaces 
with two P:Ru ratios; either 0 (i.e., clean Ru(0001)) or 0.40. The P0.4-Ru(0001) surfaces formed 
by this method exhibit crystalline structures that correspond to a P-(√7×√7)R190 structure, as 
determined by LEED. Consequently, these P0.4-Ru(0001) surfaces are structurally and 
compositionally (within the uncertainty of the AES analysis) similar to the (111) facet of bulk 
Ru2P materials.
29-30 
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4.2.2 Temperature Programmed Reactions of Carboxylic Acids  
TPR experiments with carboxylic acids (e.g., DCOOH, CH3
13COOH, CH3CH2
13COOH 
and CH3(CH2)2COOH) were performed by impinging each reactant onto the Ru(0001) or P0.4-
Ru(0001) surface at 250 K using a molecular beam with a nozzle pressure of 1 Torr. The molecular 
beam flux of  FA and AA were estimated to be ~ 1.44 × 1013 molecules cm-2 s-1, by determining 
the time needed to obtain saturation coverage (0.5 ML)28 on a clean Ru(0001) surface. The flux of 
the molecular beam flux for PA and BA were estimated to be 1.14 × 1013 and 1.04 × 1013 molecules 
cm-2 s-1, determined based on their mass ratios to that of FA. The saturation coverage for PA and 
BA on Ru(0001) were determined to be 0.28 ML and 0.24 ML, respectively, from calculations 
using the estimated beam fluxes.  
The species resulting from reaction of FA are determined by monitoring the mass to charge 
(m/z+) ratios corresponding to DCOOH (30), CO2 (44), H2 (2), HD (3), D2 (4), CO (28), H2O (18), 
HDO (19) and D2O (20). Isotopically labeled forms of AA and PA (i.e., CH3
13COOH and 
CH3CH2
13COOH) were used to differentiate carbon oxides that contain the C-atom originally of 
the carboxylic function (i.e., 13CO and 13CO2) from those that form by reaction of the C-atoms 
contained within the alkyl substituents. During TPR of CH3
13COOH and CH3CH2
13COOH, the 
desorption rates of the reaction products were measured as a function of temperature by monitoring 
the mass to charge ratios (m/z+) corresponding to CH3CH2
13COOH (46), CH3
13COOH (44),13CO2 
(45), 13CO (29), 12CO (28), H2 (2), and H2O (18). For the TPR of CH3CH2CH2COOH, the m/z
+
 for 
CH3CH2CH2COOH (60), CO2 (44), CO (28), H2 (2) were measured. Additionally, during TPR of 
CD3COOD and CD3CD2COOD the m/z
+ for CD3CD2COOD (52), CD3COOD (50), CO2 (44), CO 
(28), D2 (4), HD (3), HDO (19), and D2O (20) were measured. The intrinsic activation energies 
(Ea) of C-D (i.e., FA) and C-C (i.e., R-COOH bond of AA, PA and BA) bond ruptures were 
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estimated using inversion analysis of the CO2 production rate during TPR of carboxylic acid, 
described by kinetically relevant C-D or C-C bond rupture that involves reaction of carboxylate 
with an unoccupied surface sites (*).42 Detailed calculations are described in the Supporting 
Information. 
 
4.3 RESULTS AND DISCUSSION 
4.3.1 Effects of Reactant Coverage, Reactant Structure, and Phosphorus on the Temperature 
Programmed Reaction of Carboxylate Intermediates 
Figure 4.2 shows the production of 13CO2 (from CH3
13COOH and CH3CH2
13COOH) and 
CO2 (from DCOOH and CH3CH2CH2COOH) during TPR of saturation coverages of C1-C4 
carboxylic acids on Ru(0001) (Figure 4.2a) and P0.4-Ru(0001) (Figure 4.2b). The CO2 and 
13CO2 
desorption peaks occur between 300-500 K, which reflect the intrinsic kinetics for rupture of the 
C-H/D or C-C bond that liberates CO2, because molecular CO2 desorbs below 100 K on 
Ru(0001).28, 43 The TPR profiles show that 13CO2 (from AA and PA) and CO2 (from FA and BA) 
desorb from P0.4-Ru(0001) at temperatures 50-200 K higher than on pristine Ru(0001), which 
indicates that the P-atoms incorporated into Ru(0001) increase energy barriers for the 
decomposition of carboxylate to CO2 by 5 – 50 kJ mol-1 (for brevity, all 13CO2 and CO2 production 
will henceforth be abbreviated as CO2).  A single CO2 desorption peak occurs at 360 K for FA and 
at 461 K for AA on Ru(0001). In contrast, the decomposition of PA and BA on Ru(0001) produces 
three distinct CO2 desorption features at 307 K, 352 K, and 462 K and at 315 K, 357 K, and 436 
K, respectively. These TPR spectra (specifically the CO2 desorption features between 300-360 K 
for PA and BA) suggest that activation energies for C-C bond rupture are lower in carboxylic acids 
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that contain longer alkyl groups (e.g., -C2H5, -C3H7) than for acetic acid and for C-D/H rupture in 
FA on Ru(0001).  Intrinsic activation energies for the C-D and C-C bond rupture events that lead 
to immediate decarboxylation of surface carboxylates are calculated by applying inversion analysis 
of an autocatalytic reaction model44-46 (i.e., where the carboxylate decomposition rate depends on 
both the number of chemisorbed carboxylates and the number of adjacent unoccupied sites, see SI 
for full description) to TPR spectra obtained using a range of initial coverages of carboxylic acids 
(Figure C1).30 In addition, despite the presences of adjacent adsorbates (e.g., C*, O*, CH1-3*), 
these lateral interactions are implicitly captured via rough estimates for the dependence on the 
number of occupied site and the fit values of Ea as a function of carboxylic acid coverage. Briefly, 
TPR spectra that show CO2 desorption from the decomposition of the C1-C4 carboxylic acids 
obtained at multiple initial coverages (Figures 1 and S1) are used to simultaneously determine 
values of Ea for C-C or C-H bond rupture as a function of carboxylate coverage and optimal values 
of the preexponential factor (ν) via inversion analysis, described by Tait et al.42 The optimized 
value of ν for FA (1013 s-1) is higher than that of AA (107 s-1), PA (108 s-1), and BA (109 s-1), which 
suggests a greater loss of entropy in forming the transition states for C-C rupture in AA, PA and 
BA than for C-H/D rupture in FA. These differences are likely due to the loss of entropy of freely 
rotating alkyl groups as they coordinate to the Ru(0001) surface at the moment of C-C bond 
rupture.29, 46  Table 4.1 summarizes the CO2 peak desorption temperatures, calculated pre-
exponential factors, and Ea values for the rupture of the C-D or C-C bonds related to 
decarboxylation, which depend on the structure of the reactant carboxylate. In addition, the Ea 
values are calculated based on the desorption temperature at 365 K, 460 K, 307 K and 315 K for 
FA, AA, PA and BA, respectively. 
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Figure 4.2: Production of CO2 on a) Ru(0001) and b) P0.4-Ru(0001) from temperature 
programmed reaction of formic acid (DCOOH; 44 amu, black), acetic acid (CH3
13COOH; 45 amu, 
red), propionic acid (CH3CH2
13COOH; 45 amu, blue), and butyric acid (CH3CH2CH2COOH; 44 
amu, pink) at saturation dosage at 250 K and heated at a rate of 3 K s-1. 
Figure 4.3 shows TPR spectra obtained using different initial coverages (0.05 – 0.29 ML) 
of PA on Ru(0001), and these spectra show that CO2 desorbs only at 307 K at the lowest PA 
coverage (0.05 ML), but that two desorption peaks (352 K and 462 K) gradually emerge as the PA 
coverage approaches saturation (0.29 ML). These TPR data indicate that higher PA coverages 
increase the CO2 desorption temperature (and the Ea for rupture of the related C-C bond), perhaps 
through stabilizing interactions between propionate surface intermediates and co-adsorbates (e.g., 
CO*, H*, O* CH3CH2*, CH3*, CH2*, CH*).
20, 47 Previously reported TPR of acetic acid over 
Ru(0001) showed that CO2 desorption temperatures increase by up to 65 K with an increase in 
acetate coverage (0.21 - 0.5 ML), which was attributed to acetate island formation.30  The changes 
in peak desorption temperatures with PA coverage (Figure 4.3) may result from similar effects and 
reflect the presence of propionate islands on the Ru(0001) surface.20, 48 Specifically, the peak at 
352 K likely corresponds to clustered propionates species whose alkyl groups interact laterally via 
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van der Waals forces, stabilize these surface species, and increase Ea for C-C bond rupture by 2-5 
kJ mol-1 (Table 4.1). In contrast, isolated propionates (prevalent at the lowest coverages) possess 
negligible lateral interactions with other adsorbates and cleave C-C bonds to form CO2 at 307 K.  
The peak at 462 K is likely associated with the accumulation of co-adsorbates that further decrease 
the rates of carboxylate decomposition.  For example, C* decreases the availability of unoccupied 
sites for propionate decomposition, and O* may withdraw electron density from Ru and lead to 
decreased capability for electron back donation. Thus, as propionate decomposes, more co-
adsorbates accumulate, which leads to an increase in desorption temperatures (from 307 K to 462 
K) and Ea for C-C bond rupture.
16, 49-50 Figure 4.3 shows that an increase in PA coverage increases 
the peak intensity at 352 K, while the peak intensity at 462 K remains similar at coverages greater 
than 0.15 ML. The limited growth of the desorption peak at 462 K is likely associated with CO* 
co-adsorbate accumulation, because CO* is only partially desorbed as gaseous CO by 462 K, and 
perhaps, greater coverages of CO* blocks sites and further limits the propionate decomposition 
process (Figure 4.7). TPR of BA on Ru(0001) (Figure 4.2a, 0.24 ML coverage; Figure C1, 0.05 – 
0.24 ML) suggests that similar processes lead to the series of CO2 desorption peaks at 315 K, 357 
K, and 436 K.  Following the reasoning described for PA, the CO2 desorption peaks from BA 
decomposition can be associated with C-C bond rupture of isolated butyrate species at 315 K, 
while those located at the edges of adsorbate islands, stabilized by lateral interactions with adjacent 
butyrate species, can be associated with desorption peak at 357 K. Finally, C-C bond rupture within 
those butyrates stabilized by high coverages of co-adsorbates are associated with desorption peak 
at 436 K. The differences in Ea for C-C bond rupture in PA and BA due to these interactions are 
shown in Table 4.1. 
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Figure 4.3: Production of CO2 on Ru(0001) from temperature programmed reaction propionic 
acid (CH3CH2
13COOH; 45 amu) using initial coverages of 0.05, 0.10, 0.15 and 0.29 ML. Propionic 
acid is dosed on Ru(0001) at 250 K and heated at a rate of 3 K s-1. 
 
Figure 4.2b shows TPR spectra of C1-C4 carboxylic acids on P0.4-Ru(0001), where a single 
CO2 desorption peak occurs at 410 K, 505 K, 535 K, and 540 K from FA, AA, PA, and BA, 
respectively. These results illustrate that the addition of P atoms increases the decomposition 
temperature for saturation coverages of carboxylic acids by 50 – 200 K (with respect to the same 
reactants on Ru(0001)) and suggest that Ea values for C-D and C-C bond rupture are greater on 
P0.4-Ru(0001) than on Ru(0001).  Figure 4.2b shows only a single CO2 desorption feature for each 
reactant because the saturation coverages of carboxylates on P0.4-Ru(0001) are too low to form 
islands of adsorbates that stabilize one another by van der Waals interactions. The addition of P 
atoms results in a partial charge withdrawal from Ru, therefore, it seems likely that the greater Ea 
values may result from the reduced capability of Ru atoms to back donate charge to the antibonding 
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orbitals of the carboxylate species (i.e., R-COO*). The calculated Ea for C-D and C-C bond rupture 
shows that these values are greater by 13 kJ mol-1 and 5 – 50 kJ mol-1, respectively, on P0.4-
Ru(0001) than on Ru(0001).  Notably, in the case of C-C bond rupture, longer alkyl substituents 
(e.g., those of PA and BA) leave behind more co-adsorbates, which increase the CO2 desorption 
temperature from 300-450 K to 535-540 K on a P modified Ru(0001).51-52  
 
Table 4.1: Desorption Temperatures of CO2, Pre-exponential Factors, and Intrinsic Activation 
Energies for FA, AA, PA, and BA Decomposition on Ru surfaces along with Homolytic Bond 
Dissociation Energies (BDE) for the involved C-D and C-C Bonds. 
 
Carboxylic 
acid 
Bond 
Rupture 
Pre-exponential 
factor (ν) 
Ru(0001) P0.4-Ru(0001) BDEc 
Tdes Ea a Tdes Ea b  
    s-1 K (kJ mol-1) K (kJ mol-1) (kJ mol-1) 
Formic 
acid 
C-D 1013 ± 1 365 92 ± 10 405 105 ± 10 414 
Acetic 
acid 
C-C 107 ± 1 460 68 ± 10 505 73 ± 10 386 
Propionic 
acid 
C-C 108 ± 1 d 
307 49 ± 10 
535 99 ± 10 374 357 60 ± 10 
466 79 ± 10 
Butyric 
acid 
C-C 109 ± 1 
315 55 ± 10 
543 101 ± 10 377 362 66 ± 10 
463 83 ± 10 
        
a All activation energies are calculated using inversion analysis, with an optimized ν based on the 
minimum χ2 error calculation using the autocatalytic model with equation S.1. 
b Calculated based on Redhead analysis53 using the optimized ν obtained from inversion method.  
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c Homolytic bond dissociation energies for gas-phase decarboxylation obtained from density 
function theory calculations.54 
d Optimal ν for PA was determined based on the assumption of similar entropy loss during its transition 
state as AA and BA.  
 
4.3.2. Correlation between Intrinsic Energy Barriers and Bond Dissociation Energies of C-X bond 
(X = H, C) Scission  
Comparisons of kinetic parameters values (e.g., Ea and ν) derived from inversion analysis 
of the TPR spectra reveal that the rates of carboxylate decomposition are sensitive to the structure 
of the reactant. Table 4.1 shows that Ea (associated with isolated carboxylate C-D and C-C bond 
rupture) decreases with an increase in alkyl substituent carbon chain length by a range of ~ 20 – 
40 kJ mol-1 on Ru(0001). Figure 4.4 shows that Ea values for C-H and C-C bond rupture in 
unperturbed FA, AA, PA, and BA (i.e., *OOC-D at 92 kJ mol-1, *OOC-CH3 at 68 kJ mol
-1, *OOC-
CH2CH3 at 49 kJ mol
-1 and *OOC-CH2CH2CH3 at 55 kJ mol
-1) associated with bond rupture 
without secondary effects (e.g., lateral interactions and accumulation of co-adsorbates), linearly 
correlate with reported gas-phase homolytic bond dissociation energies (BDE) of the 
corresponding C-X bonds (e.g., HOOC-H and HOOC-CH3, HOOC-CH2CH3 and HOOC-
CH2CH2CH3).
54 The strong linear correlation between Ea and differences among BDE values 
(slope of 1.0 ± 0.1) suggests that the alkyl groups (H, -CH3, -C2H5, -C3H7) introduce an inductive 
effect that both weakens the bond between the carboxyl and alkyl groups and also decreases values 
of the Ea to cleave these bonds on the Ru(0001) surface. Values for Ea for these same bond rupture 
events on P0.4-Ru(0001), however, do not change with a monofunctional dependence on BDE 
values (slope of linear fit is 0.2 ± 0.5), which suggests that either BDE is not a sufficient descriptor 
for the decarboxylation process on this model surface for Ru2P, or that the AA decomposition may 
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have been an outlier (the slope of linear fit between FA, PA and BA only is 0.13 ± 0.01). The 
reasons for this change are not clear but are likely related to the known role of P atoms to withdraw 
electrons from transition metals,55-56 which will change the enthalpy of these surface reactions and 
may non-systematically shift the transition states for C-C and C-H bond rupture to earlier or later 
positions along the reaction coordinate. Comparisons of the values for Ea for C-D and C-C bond 
rupture in Table 4.1 clearly show this effect; Ea for C-H/D bonds and C-C bonds on P0.4-Ru(0001) 
are 5 – 50 kJ mol-1 greater than those values for the same bonds on Ru(0001).   
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Figure 4.4: Correlation of intrinsic activation energy (Ea) of C-H bond cleavage (i.e., FA) and C-
C bond cleavage (i.e., AA, PA and BA decomposition) on Ru(0001) (black) and P0.4-Ru(0001) 
(red) with the gaseous bond dissociation energies (BDE) of H-COOH, CH3-COOH, CH3CH2-
COOH, and CH3CH2CH2-COOH bonds.
54 
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4.3.3. Effects of P-atoms on Dehydrogenation of Alkyl Substituents (C-H Bond Rupture) 
Figure 4.5 shows the desorption of deuterium and hydrogen isotopomers (i.e., H2, D2, and 
DH) during TPR of saturation coverages of C1-C4 carboxylic acids on Ru(0001) (Figure 4.5a) and 
P0.4-Ru(0001) (Figure 4.5b). Figure 4.5 shows the total rate of deuterium desorption (δ; defined as 
the summed desorption rates of D2 and one-half that of HD) for TPR of FA (i.e., DCOOH), AA 
(i.e., CD3COOD), and PA (i.e., CD3CD2COOD), and the rate of H2 desorption during TPR of BA 
(CH3CH2CH2COOH). TPR spectra of C1-C4 carboxylic acids show that δ and H2 are produced at 
temperatures ranging from 250 - 510 K on Ru(0001) (Figure 4.5a). Prior work has shown that the 
–OH/D group of carboxylic acids dissociates (i.e., to form the corresponding carboxylate) on metal 
surfaces at temperatures below 200 K,27, 31, 37 and partial dehydrogenation of surface alkyl 
substituents may occur prior to C-C bond rupture.37 Recombinative desorption of H* atoms to 
form H2 occurs between 250 - 450 K on Ru(0001).
57-58 Together, these observations indicate that 
H2 and δ  desorption peaks at temperatures below 450 K (Figure 4.5a) are most likely associated 
with desorption-limited H2 and δ formation following dehydrogenation of carboxylic acids and 
their fragments on the Ru(0001) surface.  
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Figure 4.5: Desorption of hydrogen isotopomers (i.e., δ (D2 + ½HD) and H2) from a) Ru(0001) 
and b) P0.4-Ru(0001) during temperature programmed reaction of saturation coverages of formic 
acid (DCOOH; black), acetic acid (CD3COOD; red), propionic acid (CD3CD2COOD, blue) and 
butyric acid (CH3CH2CH2COOH, pink) dosed at 250 K and heated at a rate of 3 K s
-1.  
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Figure 4.6: The cumulative integration of δ (D2 + ½HD) and H2 that desorb during temperature 
programmed reaction of C1-C4 carboxylic acids on Ru(0001) (Figure 4.5). The dotted vertical line 
at ~ 465 K is used illustrate the temperature where > 75% of the δ desorbed.  
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Figure 4.5a shows that TPR of FA (DCOOH) produces a single δ desorption peak at 365 
K, which coincides with CO2 formation (Figure 4.2a), and suggests that the δ peak reflects the 
rupture of the C-D bond in formate.29 The TPR profile for AA decomposition shows three δ 
desorption peaks at 408 K, 450 K, and 600 K, in addition, the majority of the D (75% of the 
cumulative integrals of the δ TPR intensity) are desorbed by 465 K (Figure 4.6). These data suggest 
that the peaks at 408 K and 450 K in Figure 4.5a correspond to methyl dehydrogenation (CD3* + 
*  CD2* + D*), while the peak at 600 K corresponds to methylidyne dehydrogenation (CD* + * 
 C* + D*), which has an intrinsic activation energy ~ 50 kJ mol-1 higher than that for methyl 
dehydrogenation.30, 38 In the case of PA (Figure 4.5a), four δ desorption peaks are observed at 365 
K, 400 K, 465 K, and 600 K, where ~ 20% of the δ desorbed by 400 K, (likely associated with 
terminal OD dehydrogenation (i.e., CD3CD2COO-D)), and 60% of δ is desorbed by 465 K 
(associated with partial alkyl dehydrogenation CD3CD2 to form surface ethyne and vinyl).
37 In 
addition, density functional theory (DFT) calculations suggest the formation of ethylene occurs on 
Ru(0001) following C-C bond rupture during PA decomposition.37 However, no C2H2, C2H4, or 
C2H6 were detected, which indicates that all C2 species decompose during our TPR experiments. 
Former studies of the TPR of ethylene on Ru(0001) demonstrated that ethylene decomposes to 
form ethylidene at 330 K, followed by C-C bond cleavage at 380 K to form surface carbon and 
methylidyne, which subsequently dehydrogenates between 500-700 K to form additional surface 
carbon and H2.
59 Taken together, these TPR data suggest that prior to 465 K, δ peaks may be 
associated with stepwise ethyl dehydrogenation, while the 600 K desorption peak corresponds to 
the methylidyne dehydrogenation. The H2 production from BA decomposition shows three peaks 
at 365, 440, and 608 K (Figure 4.5a).  For BA the H2 peak at 365 K coincides with CO2 production 
(Figure 4.2a), and the majority of the remaining H-atoms have desorbed as H2 by 440 K (Figure 
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4.5). Following the reasoning provided for PA, the H2 desorption features for BA decomposition 
are attributed to butyrate dehydrogenation between 300-450 K and methylidyne dehydrogenation 
at 608 K.37-38 
Figure 4.5b shows that the addition of P atoms increases H2 and δ desorption temperature, 
as a result of an increase in the energy barrier for C-H/D bond rupture due to reaction-limited alkyl 
dehydrogenation and methylidyne dehydrogenation. The TPR of FA on P0.4Ru(0001) (Fig. 2b) 
shows a single δ desorption at 415 K, which coincides with CO2 desorption (415 K, Figure 4.2b), 
which indicates that δ production occurs concomitantly with formate decomposition29  and is 
associated with C-D bond cleavage. TPR of BA and PA (Figure 4.5b) shows a large δ desorption 
peak at 509 K for PA and 535 K for BA, followed by a minor desorption peak at 625 K for AA 
and 635 K for PA. The large δ desorption peaks (i.e., at 509 K and 535 K) occur at temperatures 
that are  ~ 50 K higher than on Ru(0001) (Figure 4.5a), and are associated with the dehydrogenation 
of desorption-limited RCOO-D and reaction-limited alkyl substituents (peaks coincides with CO2 
desorption (Figure 4.2b)). This suggests that the electronic modification of Ru by P atoms 
increases the intrinsic activation energy for C-D and C-H bond rupture.29-30 The minor δ peaks 
(i.e., at 625 K and 635 K), associated with methylidyne dehydrogenation, are 25-35 K higher than 
on Ru(0001), which shows that the addition of P atoms also increases the C-H bond rupture energy 
barrier for methylidyne dehydrogenation.30 The TPR of BA decomposition shows the desorption-
limited H2 features at 292 K and 360 K, followed by two peaks at 540 K and 630 K.  The emergence 
of the peak at 292 K is likely due to P atoms weakening the Ru-H binding energy, as shown 
previously by a decrease in the temperature of the recombinative H2 desorption feature (with a 5 
L dosing of H2) shifting from 445 K on Ru(0001) to 290 K on P0.4-Ru(0001).
30 The H2 desorption 
peak at 540 K for BA on P0.4Ru(0001) is due to reaction-limited H2 production resulting from 
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propyl and RCOO-H dehydrogenation, while the shoulder peak at 630 K can be associated with 
methylidyne dehydrogenation.  
4.3.4. Effects of P-atoms on CO Production (C-O Bond Rupture) 
 
Figure 4.7: Production of CO on a) Ru(0001) and b) P0.4-Ru(0001) from temperature programmed 
reaction of formic acid (DCOOH; 28 amu, black), acetic acid (CH3
13COOH; 29 amu, red), 
propionic acid (CH3CH2
13COOH; 29 amu, blue) and butyric acid (CH3CH2CH2COOH; 28 amu, 
pink) at saturation dosage at 250 K and heated at a rate of 3 K s-1. 
 
Figure 4.7 shows the production of 12CO from the TPR of FA (i.e., DCOOH) and BA (i.e., 
CH3CH2CH2COOH) and 
13CO from AA (i.e., CH3
13COOH), PA (i.e., CH3CH2
13COOH) at 
saturation coverages on Ru(0001) (Figure 4.7a) and P0.4-Ru(0001) (Figure 4.7b). The 
12/13CO 
(collectively referred to as CO) desorption peaks occur between 440 - 475 K on Ru(0001) for FA, 
AA, PA, and BA. Reflection absorption infrared spectroscopy (RAIRS) and Electron energy loss 
spectroscopy (EELS) experiments show that CO forms by the decomposition of FA16 and AA31 
below 300 K on Ru(0001). However, molecular CO desorbs between 400- 500 K on Ru(0001),60-
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61 which suggests that the CO desorption peaks observed in Figure 4.7 are desorption-limited. 
Consequently, any potential alkyl-substituent effects on the barriers for C-O bond rupture are 
unobservable. Additionally, the recombinative CO desorption occurs above 500 K on Ru(0001),62 
thus, the small CO desorption peak at 612 K in BA decomposition (Figure 4.7a) is likely attributed 
to the recombinative desorption of CO (i.e., C* + O*  CO + 2*; Figure 4.1).38, 62  
Figure 4.7b shows that CO desorption peaks for during TPR of carboxylic acids on P0.4-
Ru(0001) differ in several significant ways from those on Ru(0001). First, CO desorption from the 
TPR of FA on P0.4-Ru(0001) occurs at 414 K (~ 50 K lower than on Ru(0001)),  which is consistent 
with the TPD of CO from P0.4-Ru(0001) that show molecular CO desorbs at ~ 420 K (suggesting 
that this feature is desorption  limited).29 Second, the TPR of AA, PA and BA on P0.4-Ru(0001) 
produces two distinct CO desorption features (Figure 4.7b).  For each of these reactants, the lower-
temperature CO desorption peak (440 – 465 K) matches closely with the CO peak observed for 
the same reactant on Ru(0001) (Figure 4.7a), which suggests that CO production here may be 
associated with desorption-limited CO production from the C-O bond rupture of carboxylates. 
However, unlike FA, P atoms did not decrease the lower CO desorption peak temperature (448 K, 
456 K, and 468 K) on AA, PA, and BA, which suggest these peaks may also be associated with 
reaction-limited CO desorption. Consequently, the origins of these peaks are not entirely clear at 
the present time.  The higher temperature CO desorption peaks for AA, PA, and BA (Figure 4.7b, 
at 505 K, 535 K, and 540 K, respectively) corresponds to the reaction-limited desorption of CO 
following C-O bond rupture, as these peaks coincide with CO2 desorption (Figure 4.2b). 
Additionally, the fact that these reaction-limited CO desorption features on P0.4-Ru(0001) occur at 
temperatures 50 – 80 K higher than the desorption-limited CO peaks on Ru(0001) (Figure 4.7a) 
suggests that Ea values for C-O bond rupture are significantly greater on metal phosphide surfaces 
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than on pristine surfaces of the parent metal.  These differences are consistent with C-O bond 
rupture selectivities that are greater on Ru2P/SiO2 than those on Ru/SiO2 during HDO of furan. 
Unfortunately, the quantitative difference between Ea values for C-O rupture on these surfaces 
(i.e., P0.4-Ru(0001) and Ru(0001)) cannot be determined from the TPR spectra shown here (Figure 
4.7) because the majority of the CO desorption features do not report directly on the barriers for 
C-O rupture (i.e., the appearance of CO is largely desorption-limited). 
 
4.4 CONCLUSION 
In this work, we investigated the decomposition of C1-C4 carboxylic acids (formic acid, 
acetic acid, propionic acid and butyric acid decomposition) on pristine Ru(0001) and P0.4Ru(0001) 
using temperature programmed reaction (TPR).  Our quantitative analysis of the TPR spectra 
shows that both the length of carboxylic acids alkyl substituents (i.e., R = H, CH3, CH2CH3, and 
CH2CH2CH3) and the presence of P atoms alter the intrinsic activation energy (Ea) for the rupture 
of C-C, C-H, and C-O bonds at specific locations within these reactants and the fragments formed 
by their decarboxylation. On Ru(0001), calculated values of Ea for decarboxylation reactions (i.e., 
C-H rupture in formate, (94 kJ mol-1); and C-C bond rupture in acetate (67 kJ mol-1), propionate 
(49 kJ mol-1), and butyrate (55 kJ mol-1) differ by values nearly equal to the differences between 
the gas-phase homolytic bond dissociation energies (BDE) of these same bonds (e.g., H-COOH, 
CH3-COOH, CH3CH2-COOH, and CH3CH2CH2-COOH). This correlation indicates that longer 
alkyl (e.g., propyl and butyl) substituents stabilize bond rupture transition states by donating 
electrons to the R-C bond via inductive effects. In addition, TPR of PA and BA showed multiple 
CO2 desorption peaks, which suggest longer alkyl carbon chains can promote self-stabilizing 
lateral interactions between carboxylates via van der Waals forces that increase Ea for R-COOH 
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bond rupture slightly (by 1-5 kJ mol-1). The addition of P atoms to Ru(0001) increases Ea values 
for the rupture of all bonds (i.e., C-O, C-H and C-C bonds) by changing the Ru(0001) surface 
likely via an electronic effect by decreasing the extent of electron back donation from Ru atoms to 
the anti-bonding orbitals of the carboxylate intermediates. Moreover, Ea values for these 
decarboxylation reaction on P0.4-Ru(0001) depend weakly on BDE values among these reactants, 
in comparison to the strong linear correlations observed on Ru(0001).  These differences in Ea 
values for C-C, C-H, and C-O bonds on the Ru(0001) and the P0.4-Ru(0001) surface, as well as 
their difference in sensitivity to the structure of the reactant (i.e., BDE values), are significant and 
likely are responsible for the greater selectivity of Ru2P catalysts (compared to Ru catalysts) 
towards C-O bond rupture during HDO catalysis. 
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CHAPTER 5: EFFECTS OF PHOSPHORUS ON SELECTIVE DEHYDROGENATION: 
CYCLOHEXENE REACTION OVER RU(0001) AND Px-RU(0001) 
 
 
 
5.1 INTRODUCTION 
Catalytic naphtha and natural gas reforming converts low-octane hydrocarbons to higher-
value products such as high-octane gasoline, olefins (e.g., ethylene and propylene) and aromatics 
(e.g., toluene, benzene and xylene).1 Additionally, H2 is also produced during reforming process, 
which can be sold as a co-product used in a variety of applications (e.g., H2-based fuel cells,
2-3 
hydrogenolysis,4 hydrodeoxygenation,5 etc.). However, during the dehydrogenation process, 
carbonaceous species (i.e., coke) deposit on the catalyst surface and decreases the rates and 
selectivities for dehydrogenation. For instance, Pt/Al2O3 catalysts are commonly used for the 
dehydrogenation of propane to form propylene;6 however, coking readily occurs and limits the 
overall lifetime of the process before catalyst regeneration is required. As such, the design of next-
generation catalysts requires that catalyst stability (i.e., increased lifetimes) be markedly improved 
in addition to possessing high efficiencies and selectivities. Reactive metal oxides (e.g., V2O5, 
MoO3, WO3, Ta2O5)
7-9 are less likely to undergo coke formation during oxidative dehydrogenation 
of alkanes, because metal oxides can reduce the carbon solubility in metal catalysts, thus limits the 
interactions between the carbonaceous species and the metal surface to suppress coke formation.10 
However, metal oxides suffer from low selectivity towards olefin due to undesired CO and CO2 
production.11-12 Bimetallic and trimetallic catalysts (e.g., Ru-Ni/Al2O3 and Pt-Ni/Al2O3,
13 Rh-
Ni/La-Al2O3,
14 Au-Ni,15 Ni-Co/Al2O3 ,
16 Pd-Au,2 Au-Pt 17) are resistant to deactivation during 
dehydrogenation. In general, the introduction of second metal or formation of a metal oxide 
changes the electronic properties of the catalyst surface by shifting the d-band center away from 
the Fermi level, which is caused by the lattice mismatch from the expansion of the metal-
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metal/metal oxide bond length relative to bulk metals.18 In addition, there are geometric changes 
in the catalyst surface that can decrease the number of metal-metal pairs and change the relative 
number of specific adsorption sites (e.g., three-fold hollows). For example, a density function 
theory (DFT) study on the selective dehydrogenation of ethane to form ethylene over Pt(111) and 
Sn-Pt(111) alloys, suggests that the addition of Sn to Pt(111) simultaneously increases the 
production of ethylene while minimizing coke formation.19 At low Sn coverage (0.25 ML), Pt 
atoms experience an electronic donating effect from Sn, which increases the reaction barrier of C-
C bond rupture more than C-H bond rupture, thus favoring ethylene production. However, 
geometric effects would be present at high Sn coverage (> 0.5 ML), with Sn eliminating all three-
fold Pt sites, changing the binding geometries of the transition state structures.19 Alternatively, the 
dehydrogenation of cyclohexane over sulfur-promoted Pt-Re/Al2O3 is more stable than Pt 
catalysts, presumably, because Re sulfide breaks up Pt ensembles and minimizes the stabilizing 
interactions between the cyclohexyl ring and the catalyst surface to decrease coke formation.20  
Transition metal phosphides (TMP) (e.g., Ni2P 
21 and Ru2P 
22) catalysts may be a promising 
alternative for dehydrogenation (C-H bond rupture) reaction with minimal coking (C-C bond 
rupture) compared to metals. Prior work on TMP shows that the addition of phosphorus (P) can 
increase the activation energy towards C-C bond rupture and decrease the carbon-metal 
interaction.22-28 For example, Shu et al. illustrated tetralin dehydrogenation is increased more than 
three-fold with MoP/C than Ni-Mo-S/γ-Al2O3.28 The addition of P atoms to Ni-Mo catalysts also 
reduces the extent of coke formation during hydrodesulfurization (HDS).29 However, TMP catalyst 
have traditionally been used in hydrodeoxygenation (HDO), hydrodenitrogenation (HDN) and 
HDS reaction due to its high selectivities towards hindered C-O, C-N and C-S bond relative to C-
C bond rupture. Our previous work investigated the effect of incorporating P atoms into Ru(0001) 
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on bond rupture (e.g., C-C, C-H, and C-O bond), showing P atoms decrease the carbon-metal 
interaction while increase the C-C bond rupture activation energy.27 These observations suggest 
that TMP catalysts may be a promising material for catalytic reforming process, where the addition 
of P atoms decreases the C-C bonds rupture to limit coke formation while increases C-H bond via 
dehydrogenation. To the best of our knowledge, there are few, if any, studies in the literature that 
describe how TMP catalysts deactivate during the selective dehydrogenation of alkanes and cyclic 
alkanes. Specifically, the mechanism by which alkanes and cyclic alkanes are dehydrogenated over 
TMP is not well understood. The clarification on dehydrogenation mechanism over TMP could 
improve catalyst design, which will increase catalyst stable and the selective towards aromatic 
(e.g., benzene, xylene, toluene) and olefins (e.g., ethylene, propylene) products.30  
In this work, we investigated how the addition of P atoms to Ru(0001) affects the selectivity 
of cyclohexene (C6H10) dehydrogenation and coke (i.e., surface carbon) formation. Cyclohexene 
is an ideal model molecule because it undergoes either dehydrogenation to form benzene (C6H6) 
and H2, or decomposition to form surface carbon (C*) and H2 (Scheme 5.1). A combination of 
temperature programed reaction (TPR) and reactive molecular beam scattering (RMBS) 
experiments are used to probe how P atoms change the energy barriers of cyclohexene 
dehydrogenation (measured by benzene production) and decomposition (measured by the rate of 
benzene signal decay ). TPR of cyclohexene shows that the P modified Ru(0001) has a lower 
benzene peak desorption temperature relative to Ru(0001), which corresponds to a decrease in the 
intrinsic activation energy (Ea) of 40 ± 3 kJ mol
-1. Steady state scattering experiments for the 
dehydrogenation of cyclohexene showed that P0.4-Ru(0001) possesses an benzene apparent 
activation energy (Eapp) 12 ± 1 kJ mol
-1 lower than Ru(0001). Note, Eapp refers to the energy 
difference between an empty catalyst surface and the reaction transition state, while Ea refers to a 
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covered catalyst surface to the reaction transition state. Additionally, the cyclohexene RMBS 
shows that P0.4-Ru(0001) is ten-fold more selective towards cyclohexene dehydrogenation to 
decomposition than Ru(0001). The decrease in activation energies for benzene formation on P0.4-
Ru(0001) is consistent with an electronic effect, where a small amount of charge is transferred 
from Ru to P, which reduces the extent of electron back donation towards the anti-bonding orbital 
of reaction intermediates and reduces the propensity for C-C bond rupture barrier.26-27 The addition 
of P atoms increases the C-C bond rupture by 12 kJ mol-1 under steady state reaction conditions. 
The measured coke accumulation (post six cyclohexene TPR experiments) shows P0.4-Ru(0001) 
reduces coke build-up by 89% relative to Ru(0001) We proposed a series of elementary steps for 
cyclohexene reaction and identified that P atoms alter the cyclohexene dehydrogenation kinetically 
relevant step from 1,3-cyclohexadiene dehydrogenation on Ru(0001) to 2-cyclohexenyl 
dehydrogenation on P0.4-Ru(0001) (Scheme 5.3). Together, these results showcase the potential 
for TMPs as selective and stable catalysts for catalytic reforming, by increasing the 
dehydrogenation selectivity over coking. 
 
5.2 EXPERIMENTAL METHODS 
Catalyst synthesis and characterization are performed within an ultra-high vacuum (UHV) 
system that contains four differentially pumped chambers.27  Chamber 1 (1×10-8 Torr) contains the 
beam source used for TPR and RMBS, the beam is first collimated through several apertures in 
chamber 2 and 3 (1×10-9 Torr), before being impinged onto the Ru(0001) crystal (Surface 
Preparation Labs, 99.999% purity, 12 mm  2 mm) in chamber 4 (1×10-10 Torr) to be analyzed by 
a quadrupole mass spectrometry (QMS; Extrel, HT 500). The circular Ru(0001) single crystal is 
mounted on a translatable probe using a 0.76 mm diameter Mo wire (ESPI, 3N8) inside chamber 
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4, characterized using a low energy electron diffraction (LEED; PHI, 15-120), and an Auger 
electron spectroscopy (AES; Perkin-Elmer, 10-155). The temperature of the Ru(0001) sample is 
controlled using a combination of cooling with liquid nitrogen and resistive heating measured by 
a type K thermocouple over the range of 100-1500 K.  
 
5.2.1 Preparation and Characterization of the P0.4-Ru(0001) Surface 
Prior to each experiment, Ru(0001) is cleaned using a sequential cycles of Ar+ sputtering 
(3.5 kV, 3.5 μA Ar+) at 320 K for 20 minutes, followed by annealing in O2 (1 × 10-7 Torr) at 1200 
K for 10 minutes, and reduced by annealing the sample in vacuum at 1480 K for 200 seconds.25, 27 
The Ar+ sputtering, oxygen anneal and vacuum anneals are repeated until carbon, oxygen, and 
phosphorus concentrations are undetectable by AES. Px-Ru(0001) (x define as the atomic ratio of 
P to Ru atoms in the near-surface region) are prepared by exposing Ru(0001) to 2.5 Langmuir (L) 
of PH3 gas (Sigma-Aldrich, 99.9995%) at 300 K and subsequently heated to 1300 K at 5 K s
-1 to 
decompose chemisorbed PHx intermediates.
27, 31-32 The P:Ru ratio is measured using AES peak to 
peak intensity at 120 eV (for P) to that at 273 eV (for Ru). Note, the peak intensities are calibrated 
according to the Auger sensitivity factors.33 Using LEED, the synthesized P0.4-Ru(0001) surface 
is determined to have a P-(√7×√7)R190 pattern and are structurally similar to the (111) facet of 
bulk Ru2P materials.
25, 27 
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5.2.2 Temperature Programmed Reactions of Cyclohexene  
TPR experiments with cyclohexene (Sigma-Aldrich 99%) are performed by impinging 
cyclohexene beam onto the Ru(0001) or P0.4-Ru(0001) surface using a beam nozzle pressure of 
1.5 Torr. Previously we reported the formic acid flux rate at 1.5 Torr to be 1.44 × 1013 molecules 
cm-2 s-1, estimated by determining the exposure time needed to complete saturation coverage of 
0.33 ML on Ru(0001);27, 34 since the flux is inversely proportional to mass1/2, cyclohexene 
molecular beam flux is estimated to be 1.08 × 1013 molecules cm-2 s-1; based on cyclohexene mass 
(0.082 kg mol-1) to that of formic acid (0.046 kg mol-1). At 200 K the saturation coverage for 
cyclohexene on Ru(0001) is approximated to be 0.21 ML based on results by reported by Lytken 
et al. on Pt(111).35 The desorption products from reaction of cyclohexene are determined by 
monitoring the mass to charge (m/z+) ratios corresponding to C6H10 (67), H2 (2), CO (28), C6H6 
(78). Note, 78 amu signal fragmentation from cyclohexene (4% of 67 amu intensity) has been 
removed. Additionally, the desorption temperature (Tmax) at maximum 78 amu intensity is used to 
calculate the intrinsic activation energy (Ea) of benzene (produced from cyclohexene 
dehydrogenation),  using Redhead analysis with an assumed pre-exponential factor of 1 × 1013 s-
1.36  
In order to confirm benzene formed through cyclohexene dehydrogenation is reaction 
limited, TPR of pure benzene is performed over Ru(0001) and P0.4-Ru(0001) and used as benzene 
desorption temperature references, shown in Appendix D (Figure D1). The selectivity is quantified 
by ratio of benzene molecules cm-2 to H2 molecules cm
-2. The molecules per area are obtained by 
assuming a surface atom density of 1.2 × 1015 Ru atoms cm-2,27 followed by calibrating the 
saturation QMS intensity of benzene and H2 to their saturation coverage of 0.008 ML 
37 and 1 ML 
38 on Ru(0001), respectively.  
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5.2.3 Reactive Molecular Beam Scattering of Cyclohexene 
RMBS experiments are conducted by impinging a continuous beam of cyclohexene onto 
Ru(0001) or P0.4-Ru(0001) surfaces for 180 seconds at a given temperature (525 - 650 K), 
controlled by an automated flag, shutter and gate-valve.27 The QMS signal intensity at m/z+ values 
corresponding to C6H10 (67), H2 (2), CO (28), C6H6 (78) are integrated over the 180 second to 
determine both the conversion of cyclohexene and the formation rate of the products (i.e., C6H6, 
H2, etc.).
25-27 The fractional conversion of cyclohexene that occurs upon collision with the surface 
is calculated based on the difference in the integral of the 67 m/z+ intensity at a given reaction 
temperature (e.g., 525 K) and at 200 K (200 K is a temperature at which no product (e.g., H2 and 
benzene) are produced illustrated in Figure 5.1.  
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Figure 5.1: Molecular scattering of cyclohexene on P0.4-Ru(0001) at 525 K, cyclohexene is 
exposed for 3 minutes at flux rate of 1.08 × 1013 molecules cm-2 s-1. H2, (solid black) and benzene 
(solid blue) are produced, while the consumption of cyclohexene is calculated based on the 
integrated area (inset shaded area) between cyclohexene signal at 525 K (solid red) and 200 K 
(dotted black).  
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5.3 RESULTS AND DISCUSSION 
The mechanism for cyclohexene reaction over single crystal metals (e.g., Pt,39 Ni,40 
Pt(111)35, 41-44) and bimetallic (e.g., Cu/Ru(0001),45-46 Ni/Pt(111),47 Au-Pt,17 Zn/Ru(0001),48 
M/Pt(111) (M= Fe, Co, Ni, Cu)18) are well documented and illustrated in Scheme 5.1. First a 
gaseous cyclohexene molecule adsorbs to the metal surface through π-bond (i.e., C=C), followed 
by a di-σ (i.e., two metal-C) bond formation. The di-σ bonded cyclohexene is dehydrogenated to 
form 2-cyclohexenyl, which undergoes step-wise dehydrogenation to form benzene and H2 or 
decomposes via series of C-C bond and C-H bond ruptures to form surface carbon (C*) and H2 
(Scheme 5.1).  
 
Scheme 5.1: Cyclohexene reaction mechanism transition metals.35, 41-47  
 
 
 
di-σ bonded 2-cyclohexenyl π-bonded 
C-C bond rupture 
Decomposition Dehydrogenation 
Step-wise dehydrogenation 
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5.3.1 Temperature Programed Reaction of Cyclohexene over Ru(0001) and P0.4-Ru(0001) 
 
Figure 5.2 The production of H2 (2 amu), CO (28 amu), C6H10 (67 amu), and C6H6 (78 amu) from 
the temperature programmed reaction of cyclohexene reaction over a) Ru(0001) and b) P0.4-
Ru(0001). Cyclohexene (1 Langmuir) is exposed to the sample at 100 K and heated at 3 K s-1.  
 
Figure 5.2 shows all detectable products formed on Ru(0001) (Figure 5.2a) and P0.4-
Ru(0001) (Figure 5.2b) during the temperature programmed reaction (TPR) of cyclohexene, which 
is dosed at 100 K. Figure 5.2 shows that cyclohexene (67 amu), H2 (2 amu), and CO (28 amu) 
desorbed from both the Ru(0001) and P0.4-Ru(0001) surfaces. Figure 5.2a shows two large 
cyclohexene desorption peaks at 144 K and 156 K from Ru(0001), which correspond to 
cyclohexene multilayer-layer and second-layer desorption, respectively.47, 49 The small shoulder at 
180 K is likely formed by the hydrogenation of 2-cyclohexenyl with H* (i.e., C6H9* + H*  C6H10 
+ 2*),43 but it may also be associated with weakly bonded molecular cyclohexene desorption. The 
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78 amu desorption features on Ru(0001) are not due to benzene production, but rather originate 
from the fragmentation of cyclohexene, because all three 67 amu desorption peaks coincide with 
the three 78 amu desorption peaks at 144, 155 and 180 K. The CO (28 amu) desorption peak feature 
< 200 K coincides with cyclohexene and is likely associated with cyclohexene fragmentation. 
However, the 28 amu desorption feature at 612 K corresponds to recombinative CO desorption 
(i.e., C* + O*  CO + 2*),50 which shows that a fraction of cyclohexene decomposes to elemental 
carbon (i.e., C6H10*  C6* + 5H2) and reacts with O* species (originated from the dissociative 
adsorption of O2 (< 0.17 ML) in chamber 4 background). The H2 (2 amu) desorption peaks occurs 
at 325 K with a right shoulder extension to 450 K on both Ru(0001) and P0.4-Ru(0001), a more 
detailed discussion is presented later with Figure 5.3.  
In Figure 5.2b, TPR of cyclohexene on P0.4-Ru(0001) shares similar desorption features as 
on Ru(0001), however, benzene (78 amu) desorption feature at 285 K suggests that the addition of 
P atoms promotes the benzene production. The 78 amu desorption peaks at 144, 156 and 167 K 
are due to fragmentation of cyclohexene desorption. Cyclohexene (67 amu) multilayer and double-
layer desorption features on P0.4-Ru(0001) at 144 and 156 K, respectively, are consistent with that 
on Ru(0001). Cyclohexene shoulder desorption peak at 167 K is ~10 K lower than on Ru(0001) 
(180 K), which suggest cyclohexene species are more facile on P0.4-Ru(0001) and that P atoms 
may have weakened the interaction between cyclohexene and the catalyst surface. The 67 amu 
desorption peak at 265 K corresponds to molecularly adsorbed cyclohexene, with a portion of the 
cyclohexene dehydrogenated to form benzene at 285 K. The CO (28 amu) desorption peak at ~ 
480 K is attributed to a small amount of CO contamination in the chamber background. Notably, 
the lack of recombinative CO desorption features (28 amu) (> 500 K) is likely due to a reduction 
in C* formation (via cyclohexene decomposition), as well as lower [O*] present, because O2 
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desorbs at a much lower temperatures on P0.4-Ru(0001) surface (Figure D2). H2 (2 amu) desorption 
features on P0.4-Ru(0001) are similar to the Ru(0001) and is discussed in detail with Figure 5.3.  
 
Figure 5.3: The production of a) H2 (2 amu) and b) benzene (78 amu) from temperature 
programmed reaction of cyclohexene. Cyclohexene is dosed at 200 K on Ru(0001) (0.21 ML) and 
P0.4-Ru(0001) (0.16 ML) at  3 K s
-1. 
 
Figure 5.3 shows the H2 (Figure 5.3a) and benzene (Figure 5.3b) production from TPR 
with cyclohexene that are dosed at 200 K to eliminate contributions from the multilayer and bilayer 
desorption. While H2 production in Figure 5.3a resembles similar desorption features shown 
Figure 2, Figure 5.3b shows a small benzene desorption peak at 450 K on Ru(0001) not observed 
in Figure 2.  The small benzene desorption peak (450 K) may suggest at 200 K cyclohexene 
achieves a higher coverage of surface intermediates (e.g., 2-cyclohexenyl or 1,3 cyclohexadiene 
see Scheme 5.1 and 2) than at 100 K,37 which results in a higher benzene production. The saturation 
coverage of cyclohexene (θCHE) is estimated to 0.21 ML, interestingly, at lower θCHE < 0.18 no 
benzene production is detected on Ru(0001) (see Appendix D Figure D3), this benzene production 
dependence on θCHE has been observed with cyclohexene and cyclohexane TPR on Pt(111).35, 51 
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For instance, Campbell et al. observed that at higher [*] ([*] is defined as the concentration of 
active metal sites) enhances cyclohexane decomposition over Pt(111), while lower [*] increases 
benzene production.51 In addition, our TPR data of cyclohexene suggest there are lateral interaction 
between intermediates (e.g., 2-cyclohexenyl and 1,3 cyclohexadiene) and/or coproducts (i.e., H*, 
C* and *) that affect benzene production. For instance, C* present may be blocking access to C-
Ru bonding, needed to cleave the C-C bond in cyclohexene.52  
H2 production over Ru(0001) in Figure 5.3a shows three distinct desorption peaks at 305, 
450, and 612 K. The large sharp peak at 305 K corresponds to a combination of desorption-limited 
H2 desorption from the dehydrogenation of cyclohexene to form 2-cyclohexenyl, which occurs 
during cyclohexene dosage at 200 K,17, 47 and H2 formed during cyclohexene decomposition 
(Scheme 5.1). The smaller H2 desorption peak at 450 K coincides with benzene production (at 450 
K) on Ru(0001), which suggest this H2 peak is likely originated from the stepwise dehydrogenation 
of 2-cyclohexenyl (prior to benzene desorption). Finally, the wide peak at 612 K corresponds to a 
series of alkyl dehydrogenations (CaHb), with a ≤ 6 and b ≤ 9, which is consistent with DFT studies 
of ethane, ethene and ethyne dehydrogenation over Ru(0001).53 H2 desorption on P0.4-Ru(0001) 
(Figure 5.3a) occurs between 290 K to 400 K, where the peak at 300 K with extended right shoulder 
all correspond to desorption limited H2, formed during cyclohexene dehydrogenation and 
decomposition. Furthermore, the peak at 612 K is not detectable on P0.4-Ru(0001), which is 
consistent a lower [C*] accumulation on the surface. This is confirmed with several temperature 
programmed oxidation (TPO) experiment post TPR of cyclohexene on P0.4-Ru(0001) by 
measuring the quantity of recombinative CO desorption (Figure 5.11). Figure 5.3b illustrates the 
desorption of benzene occurs at a temperature 165 K lower on P0.4-Ru(0001) (285 K) than on 
Ru(0001) (450 K), which indicate that benzene formation is more facile on P0.4-Ru(0001) relative 
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to Ru(0001). Additionally, a greater quantity of benzene is produced over P0.4-Ru(0001) compared 
to Ru(0001), confirming that the addition of P atoms not only decreases the reaction barrier to 
produce benzene (via cyclohexene dehydrogenation), while increases the overall selectivity toward 
benzene formation shown in Figure 5.4. 
The production of benzene are confirmed to be reaction limited (Appendix D Figure D1) 
and used to calculate benzene Ea from cyclohexene dehydrogenation. Figure D1 compares benzene 
produced from cyclohexene TPR (Figure 5.3b) to pure benzene TPR on Ru(0001) and P0.4-
Ru(0001). The results indicate that pure benzene desorption peak occurs at 400 K and 261 K from 
Ru(0001) and P0.4-Ru(0001), respectively, both of which are lower than the benzene produced 
from cyclohexene dehydrogenation on Ru(0001) (285 K) and on P0.4-Ru(0001) (435 K). Together, 
these results confirm that benzene production from cyclohexene dehydrogenation are reaction 
limited from both surfaces, and can be used in reaction kinetic calculations. Using the Redhead 
analysis, with an assumed pre-exponential factor of 1013 s-1,25, 54 the Ea of benzene production is 
determined to be 113 ± 2 kJ mol-1 and 73 ± 2 kJ mol-1 on Ru(0001) and P0.4-Ru(0001), respectively, 
and consistent with the observed increase in benzene formation on P0.4-Ru(0001) (Figure 5.3b). 
The selectivity of cyclohexene dehydrogenation to decomposition on each catalyst is 
measured by comparing the quantity of benzene to H2 produced. Note, each product quantity is 
measured by calibrating the integrated TPR peak intensity in Figure 5.3 to molecules cm-2 
equivalent. Figure 5.4 shows the selectivity of benzene to H2 production is 0.005 ± 0.001 on 
Ru(0001), while the ratio is 0.10 ± 0.02 on P0.4-Ru(0001). The result definitively shows that the 
addition of P atoms to Ru(0001) increases the selectivity of cyclohexene dehydrogenation to 
decomposition by two-fold under transient conditions. It should be noted that 0.5 is the maximum 
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benzene-to-H2 ratio achievable, since for every one benzene molecule there will be two H2 
molecules (i.e., C6H10  C6H6 + 2H2). 
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Figure 5.4: The production of benzene to H2 from temperature programmed reaction (TPR) of 
cyclohexene on Ru(0001) (gray) and P0.4-Ru(0001) (pink). The quantity of each product is 
calculated by integrating intensities of the TPR spectra over time from Figure 5.3 and converting 
each product to their molecules cm-2 equivalent.   
The results from Figure 5.2-5.4, indicates that the addition of P atoms to Ru(0001) 
decreases benzene Ea, and concomitantly lowers the benzene desorption temperature, while 
increases the selectivity towards cyclohexene dehydrogenation over its decomposition. These 
results are consistent with our previous CO and NH3 temperature programmed desorption (TPD) 
results over P0.43-Ru(0001),
27 where P atoms weaken the interaction between Ru and adsorbates 
due to electron withdrawal effect from Ru to P. Here, P atoms decrease the extent of electron 
exchange between surface Ru atoms and intermediates (i.e., 2-cyclohexenyl and 1, 3-
cyclohexadiene). The lack of electron exchange can also limit the electron back donation towards 
the anti-bonding orbital of intermediates and increases in energy barrier for C-C bond rupture 
relative to C-H bond.25, 27 
131 
 
5.3.2 Proposed Mechanism for the Cyclohexene Reaction Over Ru(0001) and P0.4-Ru(0001) 
 
Figure 5.5: Benzene production from temperature program reaction of cyclohexene (dotted black), 
1,3 cyclohexadiene (red) and 1,4 cyclohexadiene (blue) on a) Ru and b) P0.4-Ru(0001). 2 Langmuir 
of each reactant is exposed at 200 K and heated at 3 K s-1. 
 
TPR of 1,3 cyclohexadiene and 1,4 cyclohexadiene are performed to identify cyclohexene 
dehydrogenation intermediates and determine the kinetically relevant step over Ru(0001) and P0.4-
Ru(0001). The intermediate 1,3 cyclohexadiene has been reported during the hydrogenation of 
benzene over Ni(111),55 while both 1,3 cyclohexadiene and 1,4 cyclohexadiene are observed 
during cyclohexene reaction over Pt(111),41 Benzene production from cyclohexene, 1,3 
cyclohexadiene and 1,4 cyclohexadiene over TPR over Ru(0001) and P0.4-Ru(0001) are shown in 
Figure 5.5. Figure 5.5a illustrates both cyclohexene and 1,3 cyclohexadiene produced a similar 
benzene desorption temperature ranging from 300-450 K, which indicates 1,3 cyclohexadiene 
dehydrogenation is likely the rate limiting step during cyclohexene dehydrogenation (see Scheme 
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5.2). However, it is also possible that the kinetically relevant step is the dehydrogenation of 
cyclohexadienyl, because Ma et al. DFT study predicted that cyclohexadienyl have stronger 
interaction with metal catalysts (i.e., Pt(100)) than 1,3-cyclohexadiene.22 The TPR of 1,4 
cyclohexadiene did not produce benzene over Ru(0001),which suggest that only 1,3 
cyclohexadiene is present during cyclohexene dehydrogenation.  
Figure 5.5b shows the benzene desorption peak temperatures are different between 
dehydrogenation of cyclohexene, 1,3 cyclohexadiene and 1,4 cyclohexadiene on P0.4-Ru(0001). 
TPR of cyclohexene shows benzene desorption peak occurs at 285 K, while the benzene produced 
from 1,3 cyclohexadiene dehydrogenation occurs at 254 K and 340 K. The larger benzene 
desorption peak at 254 K (via dehydrogenation of 1,3 cyclohexadiene) occurs ~ 30 K prior to 
benzene desorption from cyclohexene dehydrogenation (285 K), indicating that benzene 
production is rate limited by the dehydrogenation of 2-cyclohexenyl. Interestingly, the latter 
benzene desorption peak at 340 K, suggest that 1,3 cyclohexadiene may be bind to two types of 
active site over P0.4-Ru(0001). For instance, the benzene desorption peak at 254 K are associated 
with 1,3 cyclohexadiene dehydrogenation over pristine P0.4-Ru(0001) surface. However, as more 
benzene forms, C* begins to accumulate on the surface via decomposition, that may have limited 
the 1,3 cyclohexadiene dehydrogenation process by increasing the C-H bond rupture barrier to 
occur at 340 K. Lastly, the TPR of 1,4 cyclohexadiene produced benzene desorption peak at 321 
K, the sharp desorption feature resembles that of an explosive reaction described in acetic acid 
decomposition over Ru(0001).25 Since the 321 K peak occurs after the 285 K benzene production 
from cyclohexene dehydrogenation, 1,4 cyclohexadiene is unlikely to be involved in the 
cyclohexene dehydrogenation reaction mechanism.  
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Figure 5.6: Benzene production rate measured as a function of cyclohexene partial pressure from 
reactive molecular beam scattering of cyclohexene, performed at 550 K on Ru(0001) (black) and 
P0.4-Ru(0001) (red). The benzene production rate is determined by integrating the 78 amu QMS 
signal intensity over 180 seconds.  
 
In addition to understanding the reaction intermediates, we also measured the rate of 
benzene production from cyclohexene dehydrogenation as a function of cyclohexene pressure by 
using reactive molecular beam scattering of cyclohexene on Ru(0001) and P0.4-Ru(0001) at 550 
K. Since all benzene desorption are completed at > 500 K, the scattering experiment are conducted 
at 550 K, with the assumption that the most abundant reactive intermediate (MARI) are empty 
sites on the catalyst surface. Figure 5.6 illustrate that benzene production rate on both Ru(0001) 
and P0.4-Ru(0001) are approximately first order dependent on cyclohexene pressure, indicating 
that the addition of P atoms has no significant effect on cyclohexene dehydrogenation kinetic with 
changes in cyclohexene pressure. 
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Scheme 5.2: Proposed mechanism for cyclohexene dehydrogenation and decomposition on 
Ru(0001) and P0.4-Ru(0001). Here, * denotes an empty site, x, a and b represents integer number 
of active sites between 1 and 7, with a + b = x. ky is the rate constant for step y, and indicates 
a kinetically relevant step (blue on Ru(0001) and red on P0.4-Ru(0001)). kcc represent the rate 
constant for the series step to complete decomposition of 2-cyclohexenyl. 
 
Based on the TPR results from cyclohexene (Figure 5.2 and 5.3), 1,3 cyclohexadiene and 
1,4 cyclohexadiene (Figure 5.4), and cyclohexene scattering experiment (Figure 5.6), we proposed 
a series of elementary steps for cyclohexene dehydrogenation. Scheme 5.2 presents the 
corresponding elementary steps for cyclohexene dehydrogenation (step 5.0 to 5.5) and 
cyclohexene decomposition via series of C-C and C-H bond rupture (step 5.7). Cyclohexene first 
adsorb onto the catalyst surface on * (vacant site) initially by π-bond, followed by the formation 
of di-σ bond structure with two * (step 5.0), which is then dehydrogenations to form 2-
cyclohexenyl and H* (step 5.1).45-46 2-cyclohexeneyl can either undergo three-step 
dehydrogenation illustrated in scheme 5.3, first forms a 1,3 cyclohexadiene (step 5.2), followed by 
the formation of cyclohexadienyl (step 5.3), lastly, the formation of surface benzene (step 5.4) 
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desorbs as gaseous benzene (step 5.5). Based on similar benzene desorption temperature between 
TPR of cyclohexene and 1,3 cyclohexadiene (Figure 5.5a), step 5.3 or step 5.4 is likely to be the 
kinetically relevant step for cyclohexene dehydrogenation on Ru(0001). However, on P0.4-
Ru(0001), benzene production occurs at an earlier temperature from observed in TPR of 1,3 
cyclohexadiene (254 K) than cyclohexene (285 K), indicating 2-cyclohexenyl dehydrogenation 
(step 5.2) is likely the kinetically relevant step. Note, it is also possible that the kinetically relevant 
step is the initial di-σ bonded cyclohexene dehydrogenation (step 5.1). The surface H* desorbs as 
H2 (step 5.6). However, 2-cyclohexenyl can also undergo decomposition through a series of C-C 
bond and C-H bond ruptures to form C* and H2, these steps are lumped together in a single rate 
expression (step 5.7). The cyclohexene decomposition mechanism is likely to be similar to 
cyclohexane decomposition from Ir reported by Flaherty et al.,52 due to similar molecular structure 
between cyclohexene and cyclohexane. Flaherty et al. proposed that cyclohexane decomposition 
is first initiated by a C-H bond rupture to form surface H atoms (H*). These H* desorb as H2, 
exposing active metals sites to form  C-metal bond, followed by the ring opening C-C bond 
rupture.52 
 
 
Scheme 5.3: Proposed 2-cyclohexenyl step wise dehydrogenation (step 1.0-1.3) to form surface 
benzene and hydrogen. 
 
2-cyclohexenyl 1,3-cyclohexadiene cyclohexadienyl benzene di-σ bond 
Step 1.1 Step 1.2 Step 1.3 Step 1.4 
V V 
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The rate expressions for benzene formation at steady-state can be derived by applying 
pseudo steady state assumption on step 5.0 for Ru(0001) and on step 5.0 and 5.1 for P0.4-Ru(0001). 
In addition, we assumed that the cyclohexene dehydrogenation kinetically relevant step is step 5.1 
on Ru(0001) and step 5.2 on P0.4-Ru(0001). The rate expression for benzene production can be 
simplified as equation (5.1) for both on Ru(0001) and P0.4-Ru(0001). 
 
𝑟𝑏𝑒𝑛𝑧𝑒𝑛𝑒 = 𝑘0[𝐶6𝐻10][∗] (5.1) 
 
The detailed derivation of equation 5.1 is included in the Supporting Information. Based on the 
TPR of cyclohexene (Figure 5.3) at > 500 K all benzene and majority of the H2 desorbs, leaving * 
as the most abundant reactant intermediate (MARI). Under these conditions (* as the MASI and > 
500 K) rbenzene can be simplified to equation (5.2).  
 
𝑟𝑏𝑒𝑛𝑧𝑒𝑛𝑒
[𝐿]
= 𝑘0[𝐶6𝐻10]   (5.2) 
 
Here, [L] represent the total number of available sites and defined as the sum of [∗], [𝐻∗], [𝐶6𝐻6∗] 
and [𝐶6𝐻9∗]. Equation 5.2 illustrates benzene formation has a first order dependence on 
cyclohexene concentration, consistent with our cyclohexene scattering experiment shown in 
Figure 5.6, where benzene formation rate for over Ru(0010) and P0.4-Ru(0001) are approximately 
first order dependence on cyclohexene pressure.  
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5.3.3 Production Rate of Benzene and Coke on Ru(0001) and P0.4-Ru(0001) 
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Figure 5.7: Benzene production (78 amu) as a function of inverse temperature measured by beam 
scattering of cyclohexene on Ru (black), and P0.40-Ru(0001) (red). The beam flux is dosed at 1.08 
× 1013 molecules cm-2 s-1. The dashed lines are included to guide the eye and do not represent a fit 
to the data.   
Cyclohexene scattering experiments in Figure 5.7 show the benzene production rate as a 
function of inverse temperature (525 – 650 K) at steady state on Ru(0001) and P0.4-Ru(0001). Eapp 
of benzene is calculated to be 6.7 ± 1 kJ mol-1 on Ru(0001) and -5.1 ± 1 kJ mol-1 on P0.4-Ru(0001). 
The result indicate that P atoms decrease Eapp of benzene by 12 kJ mol
-1, and increase the 
cyclohexene dehydrogenation selectivity. 
138 
 
1.6 1.8
3x10
-2
6x10
-2
9x10
-2
b = 0.5 ± 0.1
N
o
rm
a
liz
e
d
 r
c
o
k
in
g
 (
a
.u
.)
1000 K/T
 Ru(0001)
 P
0.4
-Ru(0001)
b = -0.9 ± 0.3
 
Figure 5.8: Normalized coking rate obtained from cyclohexene scattering experiment on Ru(0001) 
(black) and P0.4-Ru(0001) (red). The normalized coking rate calculation can be found in the 
Appendix D Figure D4. 
 
In order to quality the rate of coke deposition, the rate of benzene production decay (to 
50% of its initial intensity) during cyclohexene beam scattering experiments. A sample raw data 
and its calculation is shown in the shown in Appendix D Figure D5. Figure 5.8 illustrates the 
normalized coking rate as a function of inverse temperature. The result shows at lower temperature 
(525 – 575 K), a higher coking rate is observed on Ru(0001) than P0.4-Ru(0001). Using Arrhenius 
equation, we approximated the coking activation energy by converting the slope of fitted lines in 
Figure 5.8 to be -4.2 ± 0.8 kJ mol-1 on Ru(0001) and 7.5 ± 2.5 kJ mol-1. The result indicate that the 
addition of P atoms can decrease coking by increasing the coking activation energy by ~ 12 kJ 
mol-1.  
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Figure 5.9: Total quantity of benzene to H2 produced from cyclohexene scattering experiment as 
a function of inverse temperature measured on Ru(0001) (black), and P0.40-Ru(0001) (red) 
surfaces. The dashed lines are included to guide the eye and do not represent a fit to the data.   
 
Similar to the transient measurements in Figure 5.4, under steady state conditions in Figure 
5.9, we evaluated the selectivity between cyclohexene dehydrogenation and decomposition by 
quantifying the amount of benzene to H2 produced in molecules cm
-2. On the Ru(0001), Figure 5.9 
illustrates an increase in benzene to H2 ratio with increase in reaction temperature, however, the 
ratio remained between 0.003 to 0.004, indicating cyclohexene decomposition is the dominant 
pathway with high H2 production. With the addition of P atoms to Ru(0001), benzene to H2 ratio 
reaches maximum value of 0.5 between 525 -575 K, but decreases with increasing temperature.  
These results show that P atoms significantly increases the cyclohexene dehydrogenation pathway 
and the benzene to H2 ratio by more than ten-fold. These changes in benzene to H2 as a function 
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of temperature confirm that cyclohexene decomposition becomes more favorable with increasing 
temperature on P0.4-Ru(0001) and vice versa on Ru(0001), consistent with the benzene production 
rate (Figure 5.7) and coking rate (Figure 5.8) results.  
 
5.3.4 Coke Accumulation Post TPR of Cyclohexene on Ru(0001) and P0.4-Ru(0001) 
 
Figure 5.10: Total production of a) H2 and b) benzene based on six consecutive cyclohexene 
temperature programmed reaction experiments, with no cleaning between runs, over Ru(0001) 
(black) and P0.4-Ru(0001) (red). The cyclohexene is dosed at 200 K for 15 seconds at flux of 1.08 
× 1013 molecules cm-2 s-1 and heated at 3 Ks-1.  
 
To evaluate the effect of P atoms on coking under transient conditions, we performed six 
consecutive cyclohexene TPR without cleaning the catalyst in between each experiments, this 
allow C* to accumulate with each TPR, shown in Figure 5.10. Figure 5.10a illustrate that the 
deactivation of catalyst inhibits H2 production on both Ru(0001) and P0.4-Ru(0001). The addition 
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of P atoms reduces the rate of H2 production by increasing the selectivity towards cyclohexene 
dehydrogenation (C6H10  C6H6 + 2H2) , instead via decomposition to produce (C6H10  C6 + 
5H2). Figure 5.10b demonstrate that P0.4-Ru(0001) favors benzene production as well as 
maintaining its production over the course of six consecutive TPR experiments, while benzene 
production becomes negligible on Ru(0001) by the fourth TPR experiment. 
To quantity the amount of coke accumulated on each catalyst following the post six 
consecutive cyclohexene TPR, temperature programmed oxidation (TPO) is performed by dosing 
O2 into the chamber background at 1×10
-7 Torr while heating the C* covered catalysts from 300 
to 1200 K shown in Figure 5.11.  The TPO experiments allow O2 to form recombinative CO with 
the accumulated C* on the catalyst surface (C* + O*  CO + 2*), the desorbed CO is measured 
as an indirect method to quantify C* quantity. Figure 5.11 shows the CO production during TPO 
from Ru(0001) and P0.4-Ru(0001). The CO quantity from each surface is estimated by integrating 
the CO TPR spectra with respect to time and compared to CO production from a standard TPD of 
CO from Ru(0001) at saturation coverage (θCO = 0.66).56 The embedded table in Figure 5.10 shows 
that the recombinative CO eqavalent to θCO = 0.91 on Ru(0001) and  θCO = 0.10 on P0.4-Ru(0001), 
with P atoms reduce the coke production by up to ~ 89% during the cyclohexene reaction.  
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Figure 5.11: Recombinative CO desorption from temperature programmed oxidation on Ru(0001) 
(black) and P0.4-Ru(0001) (red) post six consecutive cyclohexene temperature programmed 
reaction from Figure 5.10. Temperature programmed desorption of CO on Ru(0001)(blue) is used 
as a reference for CO coverage calculation for the embedded table.56 
 
5.4 CONCLUSION 
The incorporation of P atoms to the Ru(0001) surface changes the rate determining step of 
cyclohexene dehydrogenation and  greatly increase the selectivity of cyclohexene dehydrogenation 
over decomposition by more than ten-fold under steady state reaction conditions. The decrease in 
benzene intrinsic activation energies on P0.4-Ru(0001) (12 kJ mol
-1)  is consistent with an 
electronic effect, where a small charge transfer from Ru to P reduces the extent of electron back 
donation towards the anti-bonding orbital of reaction intermediates (e.g., 2-cyclohexneyl and 1,3 
cyclohexadiene). The electronic effect resulted in an increase in C-C bond rupture barrier by 
increasing the activation energy of coking by 12 kJ mol-1 and suppressing the cyclohexene 
143 
 
decomposition pathway, reducing coking in the presence of P atoms up to 89% compare to 
Ru(0001). 
TPR profiles of cyclohexene showed that the addition of P atoms increases the ratio of 
benzene to H2 produced by over two-fold (transient conditions). Based on the TPR of 1,3 
cyclohexadiene, the RDS for cyclohexene dehydrogenation on Ru(0001) is likely to be the 1,3 
cyclohexadiene or cyclohexadienyl dehydrogenation on Ru(0001). However, the RDS changes to 
the dehydrogenation of di-bond or 2-cyclohexenyl on P0.4-Ru(0001). Additionally, the results from 
RMBS of cyclohexene demonstrate that the addition of P atoms decreases apparent activation 
energies for the formation of benzene by 12 kJ mol-1 (between 525 and 650 K), with P0.4-Ru(0001) 
favoring cyclohexene dehydrogenation, producing a maximum benzene to H2 ratio of 0.5 at 525 
K. These results will help expand the application of transition metal phosphides catalysts beyond 
HDO reaction, its potential application in selective dehydrogenation on hydrocarbons (e.g., ethane, 
propane and cyclic) reforming reaction will greatly increase the production of high-valued olefins 
and aromatics. 
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CHAPTER 6: CONCLUSION REMARKS AND FUTURE RESEARCH 
6.1 TRANSITION METAL PHOSPHIDE RESULT SUMMARY 
My dissertation encapsulates our investigations of: 1) how P atoms affect Ru(0001) surface 
properties; 2) how P atoms affect the energy barrier of specific bond ruptures and reaction 
selectivity; and 3) how P atoms change the mechanisms of distinct reactions. Our results indicated 
that the addition of P atoms improve HDO and dehydrogenation reactions, increasing the 
selectivity of the desired product by altering energy barriers for bond rupture (e.g., increase C-C 
bond rupture more than C-O bond rupture). The addition of P atoms introduces an electronic effect 
that decreases the extent of electron exchange between Ru(0001) surface atoms and adsorbates 
(e.g., CO, O2, and NH3). Additionally, P atoms decrease the tendency for electron back donation 
from Ru atoms to the anti-bonding orbitals of reaction intermediates (e.g., formate, acetate, 2-
cyclohexenyl and 1,3 cyclohexadiene), which enhances C-O and C-H bond rupture over C-C bond 
rupture.  
In Chapters 2, we examined the effect of P atoms on 1) Ru(0001) catalytic surface 
properties and 2) carboxylic acid  (e.g., formic acid (FA)), acetic acid (AA), propionic acid (PA), 
and butyric acid(BA)) decomposition mechanisms and selectivity on Px-Ru(0001) and Ru(0001). 
Auger electron spectroscopy (AES) and low energy electron diffraction (LEED) results confirmed 
the P to Ru ratio and its P-(√7×√7) R190 crystalline pattern. Measurements from temperature 
programmed desorption (TPD) of CO and NH3 demonstrated that P atoms decrease the binding 
energy of CO and NH3 by up to 12 kJ mol
-1 and 11 kJ mol-1, respectively, compared to Ru. These 
results indicated that P atoms introduce an electronic effect that decreases the degree of electron 
exchange between Ru surface and adsorbates. Data from temperature programed reaction (TPR) 
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of DCOOH revealed that formate intermediates are more stable on P0.43-Ru(0001) and have greater 
C-C bond activation barriers (~ 14 kJ mol-1) for decomposition than formate intermediates on 
Ru(0001). DCOOH-TPR selectivity data showed that CO:CO2 decreases as P:Ru increases, which 
suggests that C-O bond rupture is more affected by the electron donating effect than C-H bond 
rupture. Reactive molecular beam scattering (RMBS) of DCOOH showed that the apparent 
activation energies of C-O bond rupture and C-H bond rupture are greater on P0.43-Ru(0001) by 28 
kJ mol-1 and 11 kJ mol-1, respectively, compared to Ru(0001) at 500-700 K. Lastly, we proposed 
a list of formic acid decomposition elementary steps consistent to our TPR and RMBS data.   
Chapters 3 and 4 continued to build on the formic acid work by investigating 
decomposition of C2-C4 carboxylic acid on pristine Ru(0001) and P0.4Ru(0001). In Chapter 3, 
results from TPR and RMBS proved that the addition of P atoms led to electronic changes on 
Ru(0001) and increased the activation barriers of C-O, C-C, and C-H bond scission by values 
ranging from 5-10 kJ mol-1. This difference between energy barriers altered the selectivity of C-O 
bond rupture to C-C bond rupture ratio during carboxylic acid decomposition. TPR results from 
PA and BA, recapped in Chapter 4, illustrated that longer alkyl carbon chains (i.e., PA and BA) 
can promote self-stabilizing lateral interactions between carboxylates via van der Waals forces, 
which increase the intrinsic activation barrier (Ea) for R-COOH (R = CH2CH3, CH2CH2CH3) bond 
rupture by 1-5 kJ mol-1. Similar to the acetic acid decomposition results summarized in Chapter 2, 
the addition of P atoms to Ru(0001) increases Ea values for the rupture of all bonds (i.e., C-O, C-
H and C-C bonds) by 5-50 kJ mol-1 on PA and BA.  
Finally, our data encapsulated in Chapter 5 showed that the addition of P atoms to Ru(0001) 
increases the cyclohexene dehydrogenation over its decomposition. The results from RMBS of 
cyclohexene confirmed that P atoms lowered the C-H bond rupture energy barrier (Benzene 
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formation) by up to ~ 12 kJ mol-1, and simultaneously increased the C-C bond rupture energy 
barrier (Coke formation) by 11 kJ mol-1. P atoms reduced the quantity of coke produced by 89% 
post-TPR of cyclohexene compared to Ru(0001). Based on our results from TPR of 1,3 
cyclohexadiene, we proposed a series of elementary steps for cyclohexene reactions. 
Subsequently, we identified the formation of 1,3 cyclohexadiene or cyclohexadienyl as the rate 
determining step (RDS) on Ru(0001). However, the addition of P atoms changed the RDS to the 
formation of 2-cyclohexenyl or di-σ bonded cyclohexene on P0.4-Ru(0001). 
6.2 FUTURE WORK: ALKANE DEHYDROGENATION WITH SN AND ZN PROMOTORS 
ON PD(111) 
Shale gas production is expected to grow by 100% from 40 billion ft3 per day in 2015 to 
80 billion ft3 per day by 2040.1 This projected increase in shale gas production will also increase 
the availability of light alkanes by-products (e.g., ethane and propane). Typically, these by-
products are flared due to low market pricing.2 However, to reduce CO2 emissions, these alkanes 
can be converted into high value chemicals such as ethylene and propylene, which are used as 
platform chemicals to produce polyethylene and polypropylene.3 Our research, summarized in 
Chapter 5, has illustrated that phosphorus (P) can be used as a promotor in transition metal catalysts 
to improve dehydrogenation reaction by limiting coke formation. Future work can explore 
dehydrogenation reaction of light alkanes using other promotors such as P, Sn, or Zn with 
transition metal catalysts. 
Traditionally, dehydrogenation of light alkanes uses Pt metals or metal oxides catalysts 
(e.g., V2O5, MoO3, WO3, Ta2O5).
4-6 However, these catalysts become inactive due to ancillary 
reactions such as coking, which decrease dehydrogenation selectivity. Dehydrogenation selectivity 
may be improved by introducing impurities or inactive species to Pt metallic materials (e.g., Sn-
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Pt(111), 3 Pt-Ni/Al2O3, 
7 Sn-K-Pt(111), 8 9 Ni-Pt(111), 10 Au-Pt, 11 M-Pt(111) (M = Fe, Co, Ni, Cu), 
12).  
Pd catalysts are used during hydrocarbon cracking processes because of their high 
selectivity toward C-C bond ruptures when compared to Pt metals.13 Notably, bimetallic Pd (e.g., 
Pd-Zn, Pd-In), when juxtaposed with Pt-Zn and Pt-In, performed similarly during dehydrogenation 
reactions.13-15 Promotors such as Sn can break Pt metal ensembles to reduce ancillary reactions 
such as coking.14 For instance, the addition of Sn to Pt(111) simultaneously increases the 
production of ethylene while minimizing coke formation.3 At low Sn coverage (0.25 ML), Pt atoms 
experience an electron donating effect from Sn to Pt’s 5d band, which increase the reaction energy 
barriers of C-C bond ruptures more than C-H bond ruptures.3, 16 Similarities in dehydrogenation 
performance of bimetallic Pt and bimetallic Pd present an opportunity to understand how 
promotors (e.g., P, Sn, Zn, and In) change the energy barriers of C-C and C-H bond for Pd 
catalysts. An in-depth understanding of promoters will allow us to apply them to less active and 
inexpensive catalysts to improve future alkane dehydrogenation processes. 
The project will first characterize the chemical and structural properties of promotor (e.g., 
P, Sn, Zn, and In) modified Pd(111) surfaces using Auger electron spectroscopy, low energy 
electron diffraction, and temperature programmed desorption of H2, O2, CO and NH3. The 
differences in the associated barriers (C-C and C-H bond rupture) will be studied using temperature 
programmed reaction and reactive molecular beam scattering of light alkanes (e.g., ethane and 
propane) on pristine Pd(111) and promoter-modified Pd(111) surfaces. The objective is to measure 
the dehydrogenation selectivity based on product ratios, similar to the objectives achieved in 
Chapter 5 (e.g., comparing benzene production to H2 production in cyclohexene dehydrogenation). 
Each promoter will have a distinct effect on Pd(111) and its alkane dehydrogenation mechanism. 
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These studies may provide important periodic trends that will allow us to select an optimal 
promotor for transition metals catalysts during alkane dehydrogenation. Furthermore, it will be 
relevant to compare the dehydrogenation selectivity of Pd-P against Pd-Sn, since both promoters 
have been proven to improve dehydrogenation reactions, with P atoms withdrawing electrons on 
Pd(111) and Sn donating electrons toward Pd(111). In conclusion, our future experiments aim to 
improve the design of promoted Pd catalysts and light alkane dehydrogenation processes by 
updating alkane dehydrogenation reaction mechanisms. 
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APPENDIX A: SUPPLMENTARY MATERIALS FOR MECHANISTIC STUDY OF 
FORMIC ACID DECOMPOSITION OVER RU(0001) AND Px-RU(0001): EFFECTS OF 
PHOSPHORUS ON C−H AND C−O BOND RUPTURE 
 
 
 
Figure A1: Detailed schematics of the molecular beam reactor, controlled by a flag, a gate valve 
and a shutter.  
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Figure A2 Production of a) H2, HD, D2 and b) H2O, HDO D2O from temperature programmed 
reaction of DCOOH on Ru (black), P0.25-Ru(0001) (red) and P0.43-Ru(0001) (blue), with ramp rate 
of 3 K s-1 and DCOOH at saturation coverage of 0.33 ML.
1 
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Figure A3: Raw data shows the production of CO2 (44 amu) from two consecutive DCOOH 
scattering experiments on Ru(0001) at 250 K and 550 K. CO2 signal integrated over 60 s for each 
trail at 250 K (red) is subtracted from 550 K (black), the shaded area is recorded as the production 
rate of CO2 for each DCOOH scattering experiment.   
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Figure A4: a) Percent of P-perturbed Ru as a function of P:Ru, determined by AES, using CO 
desorption data from TPD of CO (■) on Px-Ru(0001) and using CO2 production data (●) from TPR 
of DCOOH on Px -Ru(0001). b) The percent of P-perturbed Ru is estimated by the ratio of the 
integrated region of the CO desorption profile due to P-perturbed Ru (determined using a Gaussian 
fit) to the total area under the CO desorption profile from TPD of CO on Px-Ru(0001) 
 
P-atoms’ addition to Ru(0001) changes the surface property by incorporating P into the Ru(0001) 
lattice. TPD of CO on Px-Ru(0001) (Figure 4) suggests a coorelation between P:Ru to the 
percentage of Ru metals perturbed by P. Here, we found a linear correlation between the 
percentage of P-perturbed Ru and the ratio of P:Ru determined by AES, by using TPD spectra of 
CO desorption (Figure 4) and CO2 production from TPR of DCOOH (Figure 7a). This correlation 
can help estimate the percent of P-perburbed Ru and unperturbed Ru on Px-Ru(0001) and other 
TMP catalysts. 
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Proposed mechanism in Scheme 3  
 
Rate of dehydrogenation and dehydration are expressed by 𝑟𝐶𝑂2 and 𝑟CO respectively.  
𝑟𝐶𝑂2 =
𝑘2[𝐻𝐶𝑂𝑂∗][∗]
[𝐿]
    (S1.0) 
𝑟CO =
𝑘3[𝐻𝐶𝑂𝑂∗][∗]
[𝐿]
               (S1.1) 
Where [L] is the number of active sites defined by equation (S1.2) 
[L] = [*] + [HCOO*] + [H*] + [CO*] (S1.2) 
[HCOO*], [H*] and [CO*] are solved using pseudo-steady state approximation (PSSA). 
Where [HCOO*] is defined by equation (S1.4). 
𝑟𝐻𝐶𝑂𝑂∗ =
𝑘1[𝐻𝐶𝑂𝑂𝐻][∗]
2
[𝐿]
−
𝑘2[𝐻𝐶𝑂𝑂∗][∗]
[𝐿]
−
𝑘3[𝐻𝐶𝑂𝑂∗][∗]
[𝐿]
= 0   (S1.3) 
 
and 
 
[HCOO*] = 
𝑘1[𝐻𝐶𝑂𝑂𝐻][∗]
(𝑘2+𝑘3)
    (S1.4) 
 
If we assume [*] is the MASI, equation (S1.2) can be simplified to (S1.5) 
[L]=[*]  (S1.5) 
 
We can substitute (S1.4) and (S1.5) into equation (S1.0) and (S1.1) gives 
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𝑟𝐶𝑂2
[𝐿]
=  
𝑘2𝑘1[𝐻𝐶𝑂𝑂𝐻]
(𝑘2+𝑘3)
   (S1.6) 
 
𝑟𝐶𝑂
[𝐿]
=  
𝑘3𝑘1[𝐻𝐶𝑂𝑂𝐻]
(𝑘2+𝑘3)
   (S1.7) 
 
 
We calculated θH* by setting the H* desorption rate (rdes) equal to the H* adsorption rate (rads), and 
subsequently rearranging the Polanyi-Wigner equation to solve for θH*. Formate coverage on the 
surface is assumed to be similar to coverages during TPR without H2. 
 
𝑟𝑎𝑑𝑠 = 2
𝑃𝐻2
√2𝜋𝑚𝑘𝑇
    (S1.8) 
 
𝑟𝑑𝑒𝑠 = ν𝑒
(
−𝐸𝑑𝑒𝑠
𝑅𝑇
)𝜃𝐻∗
2   (S1.9) 
 
𝑟𝑎𝑑𝑠 = 𝑟𝑑𝑒𝑠   (S2.0) 
 
𝜃𝐻∗ = √
𝑟𝑎𝑑𝑠
ν𝑒
(
−𝐸𝑑𝑒𝑠
𝑅𝑇
)
  (S2.1) 
 
rads - Rate of H2 adsorption [ML s
-1] 
rdes - Rate of H2 desorption [ML s
-1] 
PH2 - Pressure of H2 [Torr] 
m- Molecular mass [kg] 
k- Boltzmann constant (1.38 × 10-23 J K-1) 
T- Temperature [K] 
θH*- H* coverage [ML] 
R- Gas constant (8.314 J K-1 mol-1) 
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Here we assumed a ν = 1 × 1014.5 on Ru(0001), [Supporting Information Reference 2: Masel, R. 
I., Principles of Adsorption and Reaction on Solid Surfaces; John Wiley & Sons, Inc, 1996.] with 
Edes of H2 at 92 kJ mol
-1, [Supporting Information Reference 3: Danielson, L. R.; Dresser, M. J.; 
Donaldson, E. E.; Dickinson, J. T., Adsorption and Desorption of Ammonia, Hydrogen, and 
Nitrogen on Ruthenium (0001). Surface Science 1978, 71, 599-614.] and 365 K as the 
decomposition temperature for formate. The rate of adsorption (rads) is estimated using the H2 
pressure as the flux rate in the reactor at 1 × 10-6 Torr ≈ 1 ML s-1, 1 × 10-7 Torr ≈ 0.1 ML s-1 and 
1 × 10-11 Torr ≈ 1 × 10-5 ML s-1.  The calculated θH* results are listed in Table S1. 
 
Table A.1. H* Coverage Estimated using Polanyi-Wigner Equation 
 
θH* (ML) H2 Pressure (Torr) 
0.001 2.00E-11 
0.01 1.00E-07 
0.30 1.00E-06 
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Figure A5: Dependence of CO production rate (based on integrated intensity of 28 amu ) on 
inverse temperature measured from steady-state DCOOH scattering experiments on (■) Ru(0001) 
from 360-440 K; and (●) P0.25-Ru(0001) from 400-440 K, where CO* is the MARI on both 
surfaces. DCOOH and CO2 contribution towards 28 amu intensity have been subtracted.  
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Figure A6: Simplified energy diagram to illustrate P-atoms’ effect on Eact of C-H bond cleaving. 
 
The simplified energy diagram is to illustrate the intrinsic activation energy (Eact ) change on a * 
MASI Ru(0001) surface from Ru(0001) to Px-Ru(0001). The Eact measures the barrier between an 
empty catalyst surface and the formate decomposition transition state. Here, the Eact of C-H bond 
rupture changes from a negative value on Ru(0001) to a positive value on Px-Ru(0001). However, 
it is worth noting that the energy diagram above is an oversimplification of the actual 
decomposition mechanism, the diagram does not account for the decrease in energy due to the 
addition of P-atoms on both empty and adsorbed surfaces shown by TPD of CO and NH3. 
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Figure A7: Temperature programmed desorption data of CO/P0.43-Ru(0001) at 3 K s
-1 at four 
initial coverages of 0.1, 0.27, 0.31, and 0.54 ML (solid lines). Data at each coverage are inverted 
via the Polyani-Wigner equation through the inversion method, the calculate values (dotted) uses 
a prefactor of ν =1013 s-1 determined based on the minimum χ2 error.4-5  
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APPENDIX B: SUPPLEMENTARY MATERIALS FOR EFFECTS OF PHOSPHORUS 
ON C-C, C-O, AND C-H BOND RUPTURE DURING ACETIC ACID 
DECOMPOSITION OVER RU(0001) AND Px-RU(0001) 
 
 
 
Figure B1: Raw data shows the production of CO2 (45 amu) from CH3
13COOH scattering 
experiments on Ru(0001) at 250 K and 550 K. 13CO2 signal is integrated over 60 s at 250 K (red) 
is subtracted from 550 K (black), the shaded area is recorded as the production rate of 13CO2 for 
each CH3
13COOH scattering experiment.   
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Figure B2: Temperature programmed reaction data of 13CO2 over Ru(0001) at 3 K s
-1 at four initial 
coverages of 0.21, 0.31, 0.37 and 0.50 ML (solid lines) using the autocatalytic model. Data at each 
coverage are inverted via the Polyani-Wigner equation through the inversion method. Based on 
the minimum χ2 error calculation, ν =107 s-1 is the optimized value using the autocatalytic model 
with equation 1.0 (black dots), while ν =109 s-1 under a 1st order desorption model with equation 
S.1 (red dots). 1, 2  
 
𝑑𝜃𝐴𝐶
𝑑𝑡
= −𝜈 (𝑒
−𝐸𝑎
𝑅𝑇 ) 𝜃𝐴𝐶  (S.1) 
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Figure B3: Formation and desorption of 12CO during the TPR of CH3
13COOH (black; after dosing 
a saturation coverage of CH3
13COOH at 250 K and heating at 3 K s-1) and from the oxidation of 
residual 12C* by reaction with atomic oxygen following the CH3
13COOH TPR (red). The post-
TPR Ru surface is cooled, exposed to 5 Langmuir of O2 at 300 K, and heated from 300 K to 800 
K at 3 K s-1.  The amount of 12CO produced by oxidation of surface residues following the 
CH3
13COOH TPR quantifies the amount of 12C* that remain on after the surface as a result of 
acetic acid decomposition.  
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Figure B4: Production of  H2O (18 amu) (Black), HDO (19 amu) (Red), and D2O (20 amu) (Blue) 
on Ru(0001) (solid line) and P0.43-Ru(0001) (dotted line) from temperature programmed reaction 
of CD3COOD at saturation coverage, adsorbed at 250 K and heated to 800 K at 3 K s
-1. 
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Proposed mechanism in Scheme S3  
 
Rate of CO2 and CO formations are expressed by 𝑟𝐶𝑂2 and 𝑟CO respectively.  
𝑟𝐶𝑂2 =  
𝑘1[𝐶𝐻3𝐶𝑂𝑂∗][∗]
[L]
           (S.2) 
𝑟𝐶𝑂 =  
𝑘2[𝐶𝐻3𝐶𝑂𝑂∗][∗]
[L]
+
𝑘10[𝐶∗][𝑂∗]
[𝐿]
         (S.3) 
Where [L] is the number of active sites defined by equation (S.4) 
 
[L] = [*] + [CH3COO*] + [CH3CO*] + [H*] + [CO*] + [C*] + [O*] + [CH*] + [CH2*] + [CH3*] (S.4) 
 
Expressions for the number of reactive surface intermediates (i.e., [CH3COO*], [CH3CO*], 
[H*], [CH3*], CH2*], [CH*] and [O*]) are determined using the pseudo-steady state 
approximation (PSSA). 
𝑟𝐶𝐻3𝐶𝑂𝑂∗ =
𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻][∗]
2
[𝐿]
−
𝑘1[𝐶𝐻3𝐶𝑂𝑂∗][∗]
[𝐿]
−
𝑘2[𝐶𝐻3𝐶𝑂𝑂∗][∗]
[𝐿]
= 0      (S.5) 
 
𝑟𝑂∗ =
𝑘2[𝐶𝐻3𝐶𝑂𝑂∗][∗]
[𝐿]
 −
𝑘10[𝑂∗][𝐶∗]
[𝐿]
= 0       (S.6) 
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𝑟𝐶𝐻3∗ =
𝑘3[𝐶𝐻3𝐶𝑂∗][∗]
[𝐿]
+
𝑘1[𝐶𝐻3𝐶𝑂𝑂∗][∗]
[𝐿]
−
𝑘7[𝐶𝐻3∗][∗]
[𝐿]
= 0     (S.7) 
𝑟𝐶𝐻2∗ =
𝑘7[𝐶𝐻3∗][∗]
[𝐿]
−
𝑘8[𝐶𝐻2∗][∗]
[𝐿]
= 0        (S.8) 
𝑟𝐶𝐻∗ =
𝑘8[𝐶𝐻2∗][∗]
[𝐿]
−
𝑘9[𝐶𝐻∗][∗]
[𝐿]
= 0        (S.9) 
𝑟𝐶𝐻3𝐶𝑂∗ =
𝑘2[𝐶𝐻3𝐶𝑂𝑂∗][∗]
[𝐿]
−
𝑘3[𝐶𝐻3𝐶𝑂∗][∗]
[𝐿]
= 0       (S.10)  
𝑟𝐻∗ =
𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻][∗]
2
[𝐿]
+
𝑘7[𝐶𝐻3∗][∗]
[𝐿]
+
𝑘8[𝐶𝐻2∗][∗]
[𝐿]
+
𝑘9[𝐶𝐻∗][∗]
[𝐿]
−
𝑘4[𝐻∗]
2
[𝐿]
= 0   (S.11) 
 
Where [CH3COO*] and [O*][C*] are defined by equation (S.12) and (S.13) respectively.  
 
[𝐶𝐻3𝐶𝑂𝑂 ∗] =
𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻][∗]
(𝑘1+𝑘2)
          (S.12) 
 
[𝑂 ∗][𝐶 ∗] =
𝑘2[𝐶𝐻3𝐶𝑂𝑂∗][∗]
𝑘10
 = 
𝑘2𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻][∗]
2
𝑘10 (𝑘1+𝑘2)
      (S.13) 
If we assume [*] is the most abundant surface intermediate (MASI), equation (S.4) can be 
simplified as  
 
[L] ≈ [*]           (S.14) 
 
We can substitute (S.12), (S.14) into (S.2) to give  
 
𝒓𝑪𝑶𝟐
[𝑳]
=  
𝒌𝟎𝒌𝟏[𝑪𝑯𝟑𝑪𝑶𝑶𝑯]
(𝒌𝟏+𝒌𝟐)
           (S.15) 
 
We can substitute (S.12), (S.13) and (S.14) into (S.3) to give  
 
𝒓𝑪𝑶
[𝑳]
=  
𝟐𝒌𝟎𝒌𝟐[𝑪𝑯𝟑𝑪𝑶𝑶𝑯]
(𝒌𝟏+𝒌𝟐)
          (S.16) 
 
 
Next we will express (S.4) as (S.17), with [*]α as the lumped term for all surface adsorbates   
[L] = [*] (α)           (S.17) 
Where [CH3CO*], [CH3*], [CH2*], [CH*], and [H*] can be expressed as  
[𝐶𝐻3𝐶𝑂 ∗] =
𝑘2
𝑘3
𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻][∗]
(𝑘1+𝑘2)
         (S.18) 
[𝐶𝐻3 ∗] =
𝑘1[𝐶𝐻2𝐶𝑂𝑂∗]+𝑘3[𝐶𝐻3𝐶𝑂∗]
𝑘7
=
𝑘1𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻][∗]
𝑘7(𝑘1+𝑘2)
+
𝑘2
𝑘3
𝑘3𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻][∗]
𝑘7(𝑘1+𝑘2)
=
𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻][∗]
𝑘7
  (S.19) 
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[𝐶𝐻2 ∗] =
𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻][∗]
𝑘8
          (S.20) 
 
[𝐶𝐻 ∗] =
𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻][∗]
𝑘9
          (S.21) 
 
[𝐻 ∗] = √
4𝑘0[𝐶𝐻3𝐶𝑂𝑂𝐻][∗]
2
𝑘4
          (S.22) 
 
 
We can substitute equation (S.17) and (S.12) into (S.2) to give 
𝒓𝑪𝑶𝟐
[𝑳]
=  
𝒌𝟎𝒌𝟏[𝑪𝑯𝟑𝑪𝑶𝑶𝑯]
(𝒌𝟏+𝒌𝟐)𝛂𝟐
          (S.23) 
In RMBS experiments (Section 3.4.) CH313COOH were used, thus expression (S.3) quantifies only 13C 
related chemistry (i.e., (S.3) are define as 
𝑘2[𝐶𝐻3𝐶𝑂𝑂∗][∗]
[L]
). We can substitute equation (S.17) and (S.12) 
into (S.3) to give 
𝒓𝐂𝐎
[𝑳]
=  
𝒌𝟎𝒌𝟐[𝑪𝑯𝟑𝑪𝑶𝑶𝑯]
(𝒌𝟏+𝒌𝟐)𝛂𝟐
          (S.24) 
The rate of H2 production is define by equation (S.25), 
𝑟𝐻2 =  
𝑘4[𝐻∗]
2
[𝐿]
           (S.25) 
Finally, we can substitute equation (S.17) and (S.22) into (S.25) to give 
𝒓𝑯𝟐
[𝑳]
=  
𝟒𝒌𝟎[𝑪𝑯𝟑𝑪𝑶𝑶𝑯][∗]
𝟐
𝛂𝟐
          (S.26)  
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Figure B5: Temperature programmed desorption of H2 on Ru(0001) (black) and P0.43-Ru(0001) 
(red). Surfaces were saturated with H* by dosing 5 L H2 at 95 K and subsequently heating the 
sample to 800 K at 3 K s-1. 
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APPENDIX C: SUPPLEMENTARY MATERIALS FOR EFFECTS OF PHOSPHORUS 
AND ALKYL SUBSTITUENTS ON C-H, C-C, AND C-O BOND RUPTURE WITHIN 
CARBOXYLIC ACIDS ON RU(0001) 
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Figure C1: Production of CO2 on Ru(0001) from temperature programmed reaction of formic acid 
(DCOOH; 44 amu), acetic acid (CH3
13COOH; 45 amu), propionic acid (CH3CH2
13COOH; 45 amu) 
and butyric acid (CH3CH2CH2COOH; 44 amu) at various coverages, dosed at 250 K and heated at 
a rate of 3 K s-1. The acetic acid coverage study has been previously reported.1  
 
The reaction of chemisorbed carboxylate with an unoccupied neighboring site has been 
described as an autocatalytic reaction in previous studies of formate and acetate decomposition on 
transition metals.2-4 The rate (expressed as a function of the change in carboxylate coverage (θc) 
with respective to time) describing the autocatalytic reaction of carboxylates on transition metal 
surfaces is:  
 
𝑑𝜃𝐶
𝑑𝑡
= −𝜈 (𝑒
−𝐸𝑎
𝑅𝑇 ) 𝜃𝐶  (𝜃𝑠𝑎𝑡 − 𝜃𝐶)  (S3) 
179 
 
 
where (𝜃𝑠𝑎𝑡 - θC) represents the unoccupied metal sites that react with carboxylate to facilitate C-
H/C-C bond rupture, ν is the pre-exponential factor of the reaction, Ea is the activation energy for 
C-H/C-C bond rupture in the carboxylate, R is the universal gas constant, and T is the temperature.5 
Each reported Ea is determined using a series of calculations via inversion analysis. First, 
a set of Ea is calculated using the measured CO2 production rate (
𝑑𝜃𝐶
𝑑𝑡
) at CA saturation coverage 
(0.5 ML for FA and AA, 0.29 ML for PA, and 0.24 ML for BA) along with an assumed ν value. 
The ν values (typically between log ν = 8-16) are used to calculate 9 sets of Ea(ν). Each set of Ea(ν) 
is then used to simulate the TPR results following equation S.1 (i.e., determine 
𝑑𝜃𝐶
𝑑𝑡
 as a function 
of temperature) using Runge–Kutta methods. Comparisons of the χ2 error between the simulated 
𝑑𝜃𝐶
𝑑𝑡
 values and experimentally observed  
𝑑𝜃𝐶
𝑑𝑡
 for all tested values of ν are used to identify the value 
of ν that most accurately recreates the results of the experiments.  The optimized ν is then used to 
determine the reported Ea values listed in Table I and the values of Ea as a function of coverage 
(Figure C4). 
Note, prior to inversion analysis, each set of experimental data were converted into a 
continuous function via the multipeak fit function in OriginPro, this allows a smoothing of the data 
with smaller time gap and temperature between each data point, thus increasing the accuracy of 
the numerical calculations used to determine Ea and v.  
Figure C2 and S3 show the comparison between experimental data from TPR of carboxylic 
acids (e.g., FA, AA, PA and BA) on Ru(0001) and their corresponding simulated result (at optimal 
ν) via inversion analysis using equation S.1. The χ2 error between experimental and simulation are 
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used to determine the optimized υ value of each corresponding reactant, embedded in Figure C2 
and S3.  
Figure C3a (inset) shows that values of υ did not converge to a minimum within a 
reasonable range (e.g., log υ 5-14), likely due to significant difference between experimental data 
and simulation at low coverages. For example, at θ = 0.10, CO2 desorbs at 307 K and 315 K, which 
is not captured by the inversion simulation rate, suggesting that the peak at 465 K is due to surface 
change from co-adsorbate accumulation and not part of the real PA decomposition. We assumed 
that PA decomposition should lose an amount of entropy as it forms the transition state which is 
between the values for AA and BA, and selected υ = 108 for all of our PA TPR analysis.  
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Figure C2: Production rate of CO2 determined via experiments (solid line) and simulation (dotted 
line) on Ru(0001) from temperature programmed reaction of a) formic acid (DCOOH; 44 amu at 
coverages of 0.08 (black), 0.24 (red), and 0.50 (blue) ML) and b) acetic acid (CH3
13COOH; 45 
amu at coverages of 0.21 (black), 0.31 (red), 0.37 (blue), and 0.50 (green) ML), dosed at 250 K 
and heated at a rate of 3 K s-1.  The simulated rate is based on the optimized ν (inset), determined 
based on the minimum χ2 error calculated between various sets of simulated rates (not shown) and 
experimental data.  
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Figure C3: Production rate of CO2 determined via experiments (solid line) and simulation (dotted 
line) on Ru(0001) from temperature programmed reaction of a) propionic acid (CH3CH2
13COOH; 
45 amu at coverages of 0.1 (black), 0.15 (red) and 0.29 (blue) ML) and b) butyric acid 
(CH3CH2CH2COOH; 44 amu at coverages of 0.03 (black), 0.09 (red), and 0.24 (blue) ML), dosed 
at 250 K and heated at a rate of 3 K s-1.  The simulated rate is based on the optimized ν (inset), 
determined based on the minimum χ2 error calculated between various sets of simulated rates (not 
shown) and experimental data.  
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Figure C4: Calculated activation energies (Ea) for decarboxylation of carboxylic acid (e.g., FA 
(black), AA (red), PA (blue), and BA (pink)) as a function of carboxylate coverage (θ) on 
Ru(0001). Coverage dependent values of Ea are estimated from the analysis of CO2 produced 
during TPR of carboxylic acid (Figure C1), using the rate expression shown in equation (S.1) and 
an optimized prefactor (v) from Table 1.  
 
Figure C4 shows the calculated Ea for carboxylic acid (e.g., FA, AA, PA, and BA) 
decarboxylation as a function of carboxylate coverage (θ). While FA and AA results show no 
statistical difference in Ea as a function of θ, where the maximum ΔEa (θ) is only ~ 2-5 kJ mol-1 
(within the calculation error of ± 10 kJ mol-1), BA and PA results demonstrate a stronger 
correlation between Ea and θ, with the maximum ΔEa (θ) ~ 45 kJ mol-1. This observed ΔEa (θ) 
differences is due to alkyl substituents, where longer alkyl groups, propionate and butyrate, would 
experience greater secondary effects (lateral interaction and interaction with co-adsorbates) than 
FA and AA. The Ea values calculation from PA (Figure C4) is consistent with TPR results in 
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Figure 1, where at 250 K (start of the TPR experiment) only isolated propionate C-C bond are 
cleaved with ~ 40-50 kJ mol-1. However, as Ru(0001) surface temperature increases to ~ 320 K, 
propionate under the influence of lateral interaction via van der Waal forces (propionate island 
formation) requires up to ~ 50-70 kJ mol-1 to cleave C-C bond. Finally, at ~ 420 K an accumulation 
of co-adsorbates further stabilizes the remaining propionate and increase the Ea up to 70-90 kJ mol
-
1.  
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APPENDIX D: SUPPLEMENTARY MATERIALS FOR EFFECTS OF PHOSPHORUS 
ON SELECTIVE DEHYDROGENATION: CYCLOHEXENE REACTION OVER 
RU(0001) AND Px-RU(0001)  
 
 
 
200 400 600
P
0.4
-Ru(0001)
Q
M
S
 I
n
te
n
s
it
y
 7
8
 a
m
u
 (
a
.u
.)
Temperature (K)
 BZ TPD
 CHE TPR
(Intensity x 3)  Ru(0001)
435 K400 K
285 K
261 K
 
Figure D1: Desorption of benzene (78 amu) from temperature programed desorption of pure 
benzene (red) and temperature programmed reaction of cyclohexene (black) over Ru(0001) and 
P0.4-Ru(0001).  
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Figure D2: Temperature programmed desorption of O2 over Ru(0001) (black) and P0.4-Ru(0001) 
(Red). O2 are dosed at 100 K for 15 seconds at flux rate of 1.08 × 10
13 molecules cm-2 s-1 and 
heated at 3 K s-1. 
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Figure D3: Temperature programmed reaction of cyclohexene over Ru(0001) at θCHE = 0.11 and 
heated at 3 K s-1. Only H2 (black) signal were detected with no benzene (red) present. 
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Derivations for benzene production rate equation 1, we applied pseudo steady state assumption 
(PSSA) on step 1.0 for P0.4-Ru(0001) and steps 1.0 and 1.1 for Ru(0001). Additionally, we 
assumed cyclohexene dehydrogenation RDS is step 1.2 on Ru(0001) and step 1.1 on P0.4-
Ru(0001).   
 
The PSSA are applied to step 1.0 and 1.1 are expressed as Eq. D.1 and D.2 below: 
 Eq D.1 
 Eq D.2 
Here, [L] represent the total number of available sites and defined as the sum of [∗] + [𝐻∗] + 
[𝐶6𝐻6∗] + [𝐶6𝐻9∗].  
Assuming the RDS for Ru(0001) is step 1.2, benzene production rate can be expressed as Eq D.3  
r1
[L]
= k1[C6H9 ∗][∗]
3 = k0[C6H10][∗]
2
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  Eq D.3 
Assuming the RDS for P0.4-Ru(0001) is step 1.1, benzene production rate can be expressed as  
Eq D.4:  
  Eq D.4 
 
Both Eq D.3 and D.4 can be simplified at temperature ≥ 550 K, assuming [*] is the MARI to Eq 
D.5 and D.6, respectively.   
 
        Eq D.5 
 
                Eq D.6 
 
  
189 
 
0 40 80
0.0
0.5
1.0
T
initial
 = 9.3 seconds
N
o
rm
a
liz
e
d
 B
e
n
z
e
n
e
 R
a
te
 (
a
.u
.)
Time (second)
Benzene Production at 600 K on Ru(0001)
T
final
 = 20.7 seconds
 
Figure D4: Normalized benzene production from cyclohexene scattering experiment on Ru(0001) 
at 600 K, with flux rate of 1.08 × 1013 molecules cm-2s-1. The red lines indicate the initial time at 
maximum benzene intensity and the final time at 50% of the initial intensity.  
 
The normalized coking rate is measured by the following equation 
 
𝑁𝑜𝑟𝑎𝑚𝑙𝑖𝑧𝑒𝑑 𝑐𝑜𝑘𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 =  
0.5
𝑇𝑖𝑛𝑖𝑡𝑖𝑎𝑙−𝑇𝑓𝑖𝑛𝑎𝑙
   Eq D.7 
   
 
